Geophysical study of the conjugate East African and East Antarctic margins by Leinweber, Volker Thor
Geophysical study
of the conjugate East African
and East Antarctic margins
DISSERTATION
zur Erlangung des Grades
Doktor rerum naturalium
vorgelegt dem Fachbereich Geowissenschaften
der Universität Bremen
sowie der l’École Doctorale des Sciences de la Mer
der Université de Bretagne Occidentale Brest
VOLKER THOR LEINWEBER
Bremen, den 19.05.2011

Name: Volker Thor Leinweber
Anschrift: Kasseler Str. 7
34327 Körle
ERKLÄRUNG
DECLARATION
Hiermit versichere ich, daß ich
Par la présente, je certiﬁe que
– die Arbeit ohne unerlaubte fremde Hilfe angefertigt habe,
j’ai fait ce travail sans aide extérieure non-autorisée,
– keine anderen als die von mir angegebenen Quellen und Hilfsmittel benutzt habe und
je n’ai utilisé aucune autre source et moyens d’aides que ceux que j’ai nommés et que
– die den benutzten Werken wörtlich oder inhaltlich entnommenen Stellen
als solche kenntlich gemacht habe.
j’ai toujours cité les œuvres que j’ai utilisées, littéralement
ou par des parties de leur contenu.
Bremerhaven, den Volker Thor Leinweber
i
Verteidigung / Soutenance
Die Dissertation wurde am 20.07.2011 in Bremen mit "magna cum laude" für die
Universität Bremen und "mention très honorable" für die Universität Brest verteidigt.
La thèse de doctorat fut soutenue le 20 juillet 2011 à Bremen avec "magna cum laude"
pour l’université de Bremen et "mention très honorable" pour l’université de Brest.
Die Prüfungskommission setzte sich wie folgt zusammen:
Les membres de jury étaient:
Prof. Dr. Heinrich Miller
Prof. Dr. Charlotte Krawczyk
Dr. Anne Briais
Prof. Dr. Cornelia Spiegel
Dr. Frauke Klingelhoefer
Dr. Jean-Yves Royer
Dr. Monika Breitzke
Sebastian Hammerschmidt
ii
Modiﬁcations, made for the ﬁnal version of the thesis
The thesis has slightly been reworked after the disputation as follows:
The English grammar and spelling were controlled and corrected one more time. Chap-
ter 9 has been changed with regards to content. To eliminate the compression between
Madagascar and Africa during the breakup stage 1 resulting from the model, the tran-
sition between stage 1 and 2, meaning the end of the Antarctic anticlockwise rotation,
has been changed to M33n. The oldest oceanic crust in the Mozambique Channel is still
assumed to have formed around M41n, but all the crust emplaced prior to M33n has
been formed during the breakup stage 1 and not, as in the old models version, during
the breakup stage 2. As consequence, Madagascar and the Somali Coast underwent a
right-lateral strike-slip movement during the breakup stage 1 instead of a compression.
The changes in the model required the elimination of three subﬁgures of ﬁgure 9.11. In
some subﬁgures, the plate boundary between Africa and Antarctica was marked where
missing. Figure 9.12 compares the positions of the models Euler rotation poles with
those of Eagles and König [2008] and König and Jokat [2010]. One subﬁgure of ﬁgure
9.13 has been eliminated, the ﬁgure starts now at M25n. The hypothetical ﬂowlines
have been recalculated and are now shown in three ﬁgures (9.14 - 9.16) and in com-
parison to the ﬂowlines after Eagles and König [2008] and König and Jokat [2010]. An
Appendix has been added to chapter 9, containing a table with the coordinates of all
picked magnetic anomalies of this study in the Riiser-Larsen Sea and the Mozambique
Basin / Channel.
Some phrases concerning the breakup model in the abstract and in chapter 10 were
changed accordingly. Chapter 4, summarizing the publications in scientiﬁc journals,
has been updated.
iii

„Unsäglich langsam nur vermochte das menschliche Auge
die Nebel des Eismeeres zu durchdringen;
hinter der Nebelwand lag das
Land des Mythos.“
Fridtjof Nansen
DANKSAGUNG
In den über drei Jahren, die ich an meiner Dissertationsschrift arbeitete, konnte ich
mich stets auf die Unterstützung einiger Personen verlassen, denen ich hier besonders
danken will. An erster Stelle stehen meine Eltern. Ihre immerwährende Unterstützung,
ihre Ratschläge und ihr Zuspruch in Momenten der gefühlten Qual eines endlosen
Weges waren ein sicheres Fundament, dessen Wert kaum hoch genug zu schätzen ist.
An zweiter Stelle sei meiner Freundin mein tiefer Dank ausgesprochen für die Hilfe
und das Verständnis, welches sie vor allem gegen Ende der Arbeit aufbrachte, als die
persönliche und zeitliche Situation alles andere als einfach war. Außerdem danke ich
ihr für Korrekturen französischer Texte während meiner Doktorarbeit.
Als meinem Doktorvater auf deutscher Seite sei Herrn Prof. Heinrich Miller mein
herzlicher Dank ausgesprochen. Für die französische Seite danke ich Herrn Dr. Louis
Geli für die anfängliche, formelle Betreuung. Mein besonderer Dank gilt meiner an-
schließenden Betreuerin Dr. Frauke Klingelhoefer, deren fachliche Betreuung und per-
sönliche Hilfe während meiner Zeit am IFREMER in der Bretagne unsersetzlich waren.
Nicht zuletzt durch ihre Unterstützung und ihre fröhliche Motivation wurde dieses Jahr
für mich zu einer wunderbaren wissenschaftlichen und privaten Erfahrung. Ebenso
dankend erwähnen möchte ich in diesem Zusammenhang Dr. Marc-André Gutscher
für seine Hilfe und Gastfreundschaft während meiner Zeit am IFREMER.
Ganz besonders betonen möchte ich Herrn Dr. Wilfried Jokat. Ihm verdanke ich,
angefangen von meiner Diplomarbeit, fast meine gesamte Zeit am Alfred-Wegener-
Institut. Auf seine fundierte fachliche Beratung konnte ich mich die gesamte Zeit
über verlassen. Seine Bereitschaft, mich auf eine nicht geringe Zahl von Expeditio-
nen zu entsenden, verschaﬀte mir neben den ausgewerteten Daten einen enormen Er-
fahrungsgewinn sowie jene unbeschreiblichen Erlebnisse und Eindrücke, die mit der
Polarforschung verbunden sind.
Allen sonstigen Personen, die mich im Laufe der drei Jahre unterstützten, drücke
ich hiermit meinen herzlichen Dank aus, wissend, daß viele, mit denen ich während
der Zeit meiner Dissertation in dienstlichem und privaten Kontakt stand, nicht explizit
erwähnt wurden.
Zuletzt will ich nicht vergessen, jenem zierlichen Tierchen zu danken, welches in un-
serem Hause wohnt und dessen aufmerksamer Brille keinerlei Forma tierungs-, Schreip-
und Falsche-Bindestrich –verwende—fehler entgingen! Na, vielleicht ja doch...
v

Contents
List of Figures xi
List of Tables xv
1. Abstract 1
1.1. English version . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2. Deutsche Fassung . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3. Version française . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2. Introduction 7
2.1. Gondwana – a far terrain for scientists, discoverers and visionists . . . . 7
2.2. Aim and constraining general framework of this thesis . . . . . . . . . . 9
2.3. Outline of the thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.4. The supercontinent cycle . . . . . . . . . . . . . . . . . . . . . . . . . . 10
3. Data acquisition and processing methods 13
3.1. Wide-angle seismic data . . . . . . . . . . . . . . . . . . . . . . . . . . 13
3.1.1. Seismic Source . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.1.2. Ocean Bottom Seismometer(OBS) . . . . . . . . . . . . . . . . . 16
3.1.3. MicrOBS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
3.1.4. REFTEK land station . . . . . . . . . . . . . . . . . . . . . . . 18
3.1.5. LEAS land station . . . . . . . . . . . . . . . . . . . . . . . . . 19
3.2. Magnetic data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.2.1. On the land: Magnetic base station data . . . . . . . . . . . . . 20
3.2.2. At sea: Ship-towed gradiometer data . . . . . . . . . . . . . . . 22
3.2.3. In the air: Aeromagnetic data . . . . . . . . . . . . . . . . . . . 22
3.3. Gravity data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.3.1. Functionality of a gravity meter . . . . . . . . . . . . . . . . . . 23
3.3.2. Used gravity corrections . . . . . . . . . . . . . . . . . . . . . . 24
3.3.3. Gravity measurements during AISTEK III . . . . . . . . . . . . 25
3.4. GPS data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
4. Publications in scientiﬁc journals 29
4.1. "The crustal structure of the Central Mozambique continental margin
– wide-angle seismic, gravity and magnetic study in the Mozambique
Channel, Eastern Africa" . . . . . . . . . . . . . . . . . . . . . . . . . . 29
4.2. "Is there continental crust underneath the Northern Natal Valley and
the Mozambique Coastal Plains?" . . . . . . . . . . . . . . . . . . . . . 30
vii
Contents
4.3. "New aeromagnetic data from the western Enderby Basin and conse-
quences for Antarctic-India break-up" . . . . . . . . . . . . . . . . . . . 30
4.4. "The Jurassic history of the Africa-Antarctica Corridor – new con-
straints from magnetic data on the conjugate continental margins" . . . 31
5. The crustal structure of the Central Mozambique continental margin
- wide-angle seismic, gravity and magnetic study in the Mozambique
Channel, Eastern Africa 33
5.1. Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
5.2. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
5.3. Data acquisition and Processing . . . . . . . . . . . . . . . . . . . . . . 37
5.4. Modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
5.4.1. Magnetic data . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
5.4.2. Wide-angle seismic data . . . . . . . . . . . . . . . . . . . . . . 39
5.4.3. Gravity data . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
5.5. Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
5.6. Interpretation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
5.6.1. Magnetic data . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
5.6.2. P-wave and gravity models . . . . . . . . . . . . . . . . . . . . . 52
5.7. Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
5.8. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
5.9. References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
6. Wide-angle seismic data oﬀshore the central Mozambique continental
margin – additional material 87
6.1. Preliminary interpretation of the sedimentary column of the wide-angle
seismic proﬁles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
6.1.1. Model layer description . . . . . . . . . . . . . . . . . . . . . . . 87
6.1.2. Interpretation of the models sedimentary column . . . . . . . . 90
6.2. 3-dimensional view of the high-velocity-body underlying both proﬁles . 92
7. Is there continental crust underneath the Northern Natal Valley and
the Mozambique Coastal Plains? 93
7.1. Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
7.2. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
7.3. Data acquisition and processing . . . . . . . . . . . . . . . . . . . . . . 96
7.4. Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
7.5. Interpretation and Conclusions . . . . . . . . . . . . . . . . . . . . . . 100
7.6. Online supplementary material . . . . . . . . . . . . . . . . . . . . . . 104
7.7. References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
viii
Contents
8. New aeromagnetic data from the western Enderby Basin and conse-
quences for Antarctic-India break-up 111
8.1. Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
8.2. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
8.3. Experiment set-up and data processing . . . . . . . . . . . . . . . . . . 114
8.4. The magnetic ﬁeld . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
8.5. Discussion and Interpretation . . . . . . . . . . . . . . . . . . . . . . . 116
8.6. Consequences for geodynamic models . . . . . . . . . . . . . . . . . . . 119
8.7. Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
8.8. References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
9. The Jurassic history of the Africa-Antarctica Corridor – new con-
straints from magnetic data on the conjugate continental margins 123
9.1. Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
9.2. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
9.2.1. Existing Data sets . . . . . . . . . . . . . . . . . . . . . . . . . 128
9.3. Data acquisition and Processing . . . . . . . . . . . . . . . . . . . . . . 129
9.4. Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
9.5. Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
9.6. A new kinematic model of the Antarctica/Africa breakup . . . . . . . . 134
9.7. Summary and Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . 154
9.8. References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155
9.9. Appendix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160
10.Conclusions and Outlook 173
Appendix 178
A. MoBaMaSis wide-angle seismic data, proﬁle 20070201 179
B. MoBaMaSis wide-angle seismic data, proﬁle 20070202 217
Bibliography 237
ix

List of Figures
2.1. Map of Antonio Snider-Pellegrini . . . . . . . . . . . . . . . . . . . . . 7
2.2. Alfred Wegener . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.3. Continental drift after Alfred Wegener . . . . . . . . . . . . . . . . . . 10
2.4. Pangaea around 220 Ma . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.1. Schematic drawing of diﬀerent travelpaths . . . . . . . . . . . . . . . . 13
3.2. OBS data example with phase origins . . . . . . . . . . . . . . . . . . . 14
3.3. Workﬂow of wide-angle seismic data processing . . . . . . . . . . . . . 14
3.4. Example of seismic station relocalisation . . . . . . . . . . . . . . . . . 15
3.5. Airgun array . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.6. Ocean Bottom Seismometer onboard . . . . . . . . . . . . . . . . . . . 16
3.7. Ocean Bottom Seismometer during deployment . . . . . . . . . . . . . 16
3.8. Micro Ocean Bottom Seismometer, technical drawing . . . . . . . . . . 17
3.9. Micro Ocean Bottom Seismometer onboard . . . . . . . . . . . . . . . . 17
3.10. REFTEK seismic land station . . . . . . . . . . . . . . . . . . . . . . . 18
3.11. LEAS seismic land station . . . . . . . . . . . . . . . . . . . . . . . . . 19
3.12. Magnetic base station during WEGAS2010, Neuschwabenland . . . . . 21
3.13. Sensor of the SeaSpyTM gradiometer system . . . . . . . . . . . . . . . 22
3.14. AWI research aircraft "Polar 5", nose beam . . . . . . . . . . . . . . . 22
3.15. LaCoste&Romberg land gravity meter . . . . . . . . . . . . . . . . . . 23
3.16. S56 Air/Sea gravity meter onboard R/V Pelagia during AISTEK III . . 25
3.17. GPS receiver on the Aerodromnaya Nunatak . . . . . . . . . . . . . . . 27
5.1. Geographic and tectonic setting of the Mozambique Channel . . . . . . 35
5.2. Model geometry of the seismic refraction proﬁles . . . . . . . . . . . . . 38
5.3. Seismic data of station 24 (MicrOBS), proﬁle 20070201 . . . . . . . . . 44
5.4. Details of station 19 (MicrOBS) seismic data, proﬁle 20070201 . . . . . 45
5.5. Seismic data of land station 08 (LEAS), proﬁle 20070201 . . . . . . . . 45
5.6. Seismic data of station 08 (OBS), proﬁle 20070202 . . . . . . . . . . . . 46
5.7. Details of station 06 (OBS) seismic data, proﬁle 20070202 . . . . . . . . 47
5.8. Seismic data of land station 14 (REFTEK), proﬁle 20070202 . . . . . . 47
5.9. Magnetic anomaly identiﬁcations in the Northern Mozambique Channel 49
5.10. Magnetic model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
5.11 Stations with picked arrivals
a) Proﬁle 20070201, part 1 . . . . . . . . . . . . . . . . . . . . . . . . . 54
a) Proﬁle 20070201, part 2 . . . . . . . . . . . . . . . . . . . . . . . . . 55
b) Proﬁle 20070202, part 1 . . . . . . . . . . . . . . . . . . . . . . . . . 56
xi
List of Figures
b) Proﬁle 20070202, part 2 . . . . . . . . . . . . . . . . . . . . . . . . . 56
5.12. Ray coverage in the P-wave models . . . . . . . . . . . . . . . . . . . . 57
5.13. Resolution of the P-wave models . . . . . . . . . . . . . . . . . . . . . . 60
5.14. P-wave and 2D-density model for proﬁle 20070201 . . . . . . . . . . . . 62
5.15. P-wave and 2D-density model for proﬁle 20070202 . . . . . . . . . . . . 63
5.16 Comparison of the P-wave velocity model with coincident MCS data
a) Proﬁle 20070201 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
b) Proﬁle 20070202 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
5.17 Velocity-depth proﬁles of the oﬀshore part of the models
a) Proﬁle 20070201, comparison with known values from the Atlantic . 70
b) Proﬁle 20070201, comparison with known values from the Paciﬁc . . 70
c) Proﬁle 20070202, comparison with known values from the Atlantic . 70
d) Proﬁle 20070202, comparison with known values from the Paciﬁc . . 70
5.18 Interpretation of the crustal part of the models
a) Model 20070201 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
b) Model 20070202 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
5.19. Crustal thickness against proﬁle distance . . . . . . . . . . . . . . . . . 74
5.20. Mean crustal P-wave velocity against crustal thickness . . . . . . . . . 75
5.21. Mantle potential temperature against active upwelling ratio . . . . . . . 75
6.1 Interpretation of the models sedimentary column
a) Model 20070201 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
b) Model 20070202 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
6.2. High-velocity-body in 3D-view . . . . . . . . . . . . . . . . . . . . . . . 92
7.1. Regional bathymetric map with locations of the AISTEK ship tracks . 95
7.2. Wiggle plot of the AISTEK and older magnetic data . . . . . . . . . . 98
7.3. Correlation around the extinct ridge in the SNV . . . . . . . . . . . . . 99
7.4. Magnetic and gravity ﬁelds in the research area . . . . . . . . . . . . . 101
7.5. Free-air anomaly ﬁeld after AISTEK III and comparison with other data 104
8.1. Geographic overview map . . . . . . . . . . . . . . . . . . . . . . . . . 113
8.2. Misties before and after levelling. . . . . . . . . . . . . . . . . . . . . . 115
8.3 Magnetic data in the southwestern Enderby Basin
a) Wiggle representation of the magnetic data . . . . . . . . . . . . . . 116
b) Gridded magnetic ﬁeld oﬀ Syowa Station . . . . . . . . . . . . . . . 116
9.1. Geographic setting of the Africa-Antarctica Corridor . . . . . . . . . . 124
9.2. Geographic setting of the African side of the AAC and adjacent territories125
9.3. Example of Gondwana reconstruction with overlapping MZR . . . . . . 126
9.4. Geographic setting of the Antarctic end of the AAC and adjacent territories127
xii
List of Figures
9.5. Flight pattern of WEGAS2010 and bathymetry . . . . . . . . . . . . . 130
9.6. Crosspoint error statistics . . . . . . . . . . . . . . . . . . . . . . . . . 130
9.7. Magnetic data at the Antarctic end of the AAC
a) Magnetic map of the Astrid Ridge and the estern Riiser-Larsen Sea . 131
b) Position of used magnetic proﬁles . . . . . . . . . . . . . . . . . . . 131
9.8. Free-air anomaly map of the Antarctic part of the AAC . . . . . . . . . 133
9.9. Magnetic anomaly picks in the Riiser-Larsen Sea . . . . . . . . . . . . . 136
9.10. Magnetic anomaly picks in the Mozambique Basin/Channel . . . . . . 137
9.11.Kinematic model of Central Gondwana breakup
a) Gondwana FIT – c) M33n (159.1 Ma) . . . . . . . . . . . . . . . . . 139
d) M25n (154.2 Ma) – f) M18n (144.3 Ma) . . . . . . . . . . . . . . . . 141
g) M16n (141.6 Ma) – j) M11n (136.1 Ma) . . . . . . . . . . . . . . . . 143
k) M5n (130.3 Ma) – m) CNS (117.0 Ma) . . . . . . . . . . . . . . . . 145
9.12. Position of Euler rotation poles . . . . . . . . . . . . . . . . . . . . . . 146
9.13. Comparison with the model of König and Jokat [2010] . . . . . . . . . 147
9.14. Flowlines, full area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148
9.15. Flowlines for the African side of the AAC and the Somali Basin . . . . 149
9.16. Flowlines for the Antarctic side of the AAC . . . . . . . . . . . . . . . 149
A.1. Proﬁle 20070201, land station N20 (REFTEK) . . . . . . . . . . . . . . 180
A.2. Proﬁle 20070201, land station N16 (REFTEK) . . . . . . . . . . . . . . 181
A.3. Proﬁle 20070201, land station N14 (REFTEK) . . . . . . . . . . . . . . 182
A.4. Proﬁle 20070201, land station N12 (LEAS) . . . . . . . . . . . . . . . . 183
A.5. Proﬁle 20070201, land station N10 (LEAS) . . . . . . . . . . . . . . . . 184
A.6. Proﬁle 20070201, land station N08 (LEAS) . . . . . . . . . . . . . . . . 185
A.7. Proﬁle 20070201, land station N06 (REFTEK) . . . . . . . . . . . . . . 186
A.8. Proﬁle 20070201, Station 29A (MicrOBS) . . . . . . . . . . . . . . . . . 187
A.9. Proﬁle 20070201, Station 28 (OBS) . . . . . . . . . . . . . . . . . . . . 188
A.10.Proﬁle 20070201, Station 27 (MicrOBS) . . . . . . . . . . . . . . . . . . 189
A.11.Proﬁle 20070201, Station 26 (MicrOBS) . . . . . . . . . . . . . . . . . . 190
A.12.Proﬁle 20070201, Station 25 (OBS) . . . . . . . . . . . . . . . . . . . . 191
A.13.Proﬁle 20070201, Station 24 (MicrOBS) . . . . . . . . . . . . . . . . . . 192
A.14.Proﬁle 20070201, Station 23A (MicrOBS) . . . . . . . . . . . . . . . . . 193
A.15.Proﬁle 20070201, Station 23 (MicrOBS) . . . . . . . . . . . . . . . . . . 194
A.16.Proﬁle 20070201, Station 22 (MicrOBS) . . . . . . . . . . . . . . . . . . 195
A.17.Proﬁle 20070201, Station 21 (OBS) . . . . . . . . . . . . . . . . . . . . 196
A.18.Proﬁle 20070201, Station 20 (MicrOBS) . . . . . . . . . . . . . . . . . . 197
A.19.Proﬁle 20070201, Station 19 (MicrOBS) . . . . . . . . . . . . . . . . . . 198
A.20.Proﬁle 20070201, Station 18 (OBS) . . . . . . . . . . . . . . . . . . . . 199
A.21.Proﬁle 20070201, Station 16 (MicrOBS) . . . . . . . . . . . . . . . . . . 200
xiii
List of Figures
A.22.Proﬁle 20070201, Station 15 (OBS) . . . . . . . . . . . . . . . . . . . . 201
A.23.Proﬁle 20070201, Station 14 (MicrOBS) . . . . . . . . . . . . . . . . . . 202
A.24.Proﬁle 20070201, Station 13 (MicrOBS) . . . . . . . . . . . . . . . . . . 203
A.25.Proﬁle 20070201, Station 12 (OBS) . . . . . . . . . . . . . . . . . . . . 204
A.26.Proﬁle 20070201, Station 11 (MicrOBS) . . . . . . . . . . . . . . . . . . 205
A.27.Proﬁle 20070201, Station 10 (MicrOBS) . . . . . . . . . . . . . . . . . . 206
A.28.Proﬁle 20070201, Station 09 (OBS) . . . . . . . . . . . . . . . . . . . . 207
A.29.Proﬁle 20070201, Station 08A (MicrOBS) . . . . . . . . . . . . . . . . . 208
A.30.Proﬁle 20070201, Station 08 (MicrOBS) . . . . . . . . . . . . . . . . . . 209
A.31.Proﬁle 20070201, Station 06 (OBS) . . . . . . . . . . . . . . . . . . . . 210
A.32.Proﬁle 20070201, Station 05 (MicrOBS) . . . . . . . . . . . . . . . . . . 211
A.33.Proﬁle 20070201, Station 04 (MicrOBS) . . . . . . . . . . . . . . . . . . 212
A.34.Proﬁle 20070201, Station 03 (OBS) . . . . . . . . . . . . . . . . . . . . 213
A.35.Proﬁle 20070201, Station 02 (OBS) . . . . . . . . . . . . . . . . . . . . 214
A.36.Proﬁle 20070201, Station 01 (OBS) . . . . . . . . . . . . . . . . . . . . 215
B.1. Proﬁle 20070202, land station S18 (REFTEK) . . . . . . . . . . . . . . 218
B.2. Proﬁle 20070202, land station S16 (REFTEK) . . . . . . . . . . . . . . 219
B.3. Proﬁle 20070202, land station S14 (REFTEK) . . . . . . . . . . . . . . 220
B.4. Proﬁle 20070202, land station S12 (LEAS) . . . . . . . . . . . . . . . . 221
B.5. Proﬁle 20070202, land station S10 (LEAS) . . . . . . . . . . . . . . . . 222
B.6. Proﬁle 20070202, land station S08 (LEAS) . . . . . . . . . . . . . . . . 223
B.7. Proﬁle 20070202, land station S06 (REFTEK) . . . . . . . . . . . . . . 224
B.8. Proﬁle 20070202, land station S04 (REFTEK) . . . . . . . . . . . . . . 225
B.9. Proﬁle 20070202, Station 01 (OBS) . . . . . . . . . . . . . . . . . . . . 226
B.10.Proﬁle 20070202, Station 02 (OBS) . . . . . . . . . . . . . . . . . . . . 227
B.11.Proﬁle 20070202, Station 03 (OBS) . . . . . . . . . . . . . . . . . . . . 228
B.12.Proﬁle 20070202, Station 04 (MicrOBS) . . . . . . . . . . . . . . . . . . 229
B.13.Proﬁle 20070202, Station 05 (MicrOBS) . . . . . . . . . . . . . . . . . . 230
B.14.Proﬁle 20070202, Station 06 (MicrOBS) . . . . . . . . . . . . . . . . . . 231
B.15.Proﬁle 20070202, Station 07 (MicrOBS) . . . . . . . . . . . . . . . . . . 232
B.16.Proﬁle 20070202, Station 08 (MicrOBS) . . . . . . . . . . . . . . . . . . 233
B.17.Proﬁle 20070202, Station 09 (MicrOBS) . . . . . . . . . . . . . . . . . . 234
B.18.Proﬁle 20070202, Station 10 (MicrOBS) . . . . . . . . . . . . . . . . . . 235
B.19.Proﬁle 20070202, Station 11 (MicrOBS) . . . . . . . . . . . . . . . . . . 236
xiv
List of Tables
3.1. Selection of the most quiet days, AISTEK III . . . . . . . . . . . . . . 21
3.2. Land gravity measurements during AISTEK III . . . . . . . . . . . . . 26
5.1. Used ship tracks for magnetic anomaly identiﬁcations . . . . . . . . . . 40
5.2. Phase identiﬁcations and assigned picking errors . . . . . . . . . . . . . 41
5.3 Assignment of picked phases to model layers
a) Proﬁle 20070201 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
b) Proﬁle 20070202 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
5.4. Modelled seaﬂoor spreading episodes . . . . . . . . . . . . . . . . . . . 51
5.5 Quality of raytracing and modelling errors
a) Proﬁle 20070201 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
b) Proﬁle 20070202 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
5.6 Velocity and density model properties
a) Proﬁle 20070201 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
b) Proﬁle 20070202 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
7.1. Older ship data, used in the study . . . . . . . . . . . . . . . . . . . . . 105
9.1. Euler Rotation Poles used for the kinematic model . . . . . . . . . . . . 150
9.2. Magnetic anomaly picks in the Mozambique Channel / Basin . . . . . . 160
9.3. Magnetic anomaly picks in the Riiser-Larsen Sea . . . . . . . . . . . . . 168
xv

List of Abbreviations
AAC Africa-Antarctica Corridor
AFR Africa
AFZ Astrid Fracture Zone
AG Ariel Graben
AGP Agulhas Plateau
AR Astrid Ridge
AISTEK Südöstlicher Atlantik und südwestlicher Indik:
Rekonstruktion der sedimentären und tektonischen Entwicklung seit der Kreide
AMMP African Magnetic Mapping Project
ANT Antarctica
AP Agulhas Plateau
AWI Alfred-Wegener-Institut
BGR Bundesanstalt für Geowissenschaften und Rohstoﬀe
CGUL Centro de Geofísica da Universidade de Lisboa
cu.in cubic inch
DSDP Deep Sea Drilling Project
EMAGE East Antarctic Margin Aermagnetic and Gravity Experiment
EPICA European Project for Ice Coring in Antarctica
GB Gigabyte
GR Gunnerus Ridge
Hz Hertz
HVB High-velocity-body
IFREMER Institut français de recherche pour l’exploitation de la mer
IGRF International Geomagnetic Reference Field
IGSN International Gravity Standardization Net
IPEV Institut polaire français Paul Emile Victor
JNOC Japan National Oil Corporation
L&R LaCoste&Romberg
Ma/Myr Million years ago
MCP Mozambique Coastal Plains
MCS Multichannel Seismic
mGal 10-3Gal (gravimetric acceleration unit)
MicrOBS Micro Ocean Bottom Seismometer
MB Mozambique Basin
MORB Mid-Ocean Ridge Basalt
MZR Mozambique Ridge
NGDC National Geophysical Data Center
xvii

Chapter 1.
Abstract
1.1. English version
In earth’s history, large assemblies of continental masses, so-called supercontinents,
occurred episodically. The last ones, Pangaea and Gondwana, broke up in Triassic to
Jurassic times. The distribution of the landmasses has major inﬂuences on the climate
and biosphere on earth. To have detailed knowledge about the timing and devolution of
the assembling and decomposition processes of these large continents is thus important
as framework for many earth-related scientiﬁc disciplines.
This study deals with the movements between Africa and Antarctica in Middle
Jurassic to Lower Cretaceous times. Only a thin stripe of seaﬂoor, the Africa-Antarctica
corridor, provides direct evidence of these movements. Although the kinematic history
between the two continents is quite well constrained for Cenozoic times, little is known
about the Jurassic processes, mainly due to the lack of data on the conjugate conti-
nental margins. New wide-angle seismic and potential ﬁeld data were thus acquired
on both conjugate margins during four scientiﬁc campaigns between 2006 and 2010
by AWI and co-operation partners to gather information about the age and origin of
the crust in the Africa-Antarctica corridor. On both conjugate sides, aseismic plateaus
exist, whose origin is unclear. The assumption of continental crust underneath the
Mozambique Ridge, the Northern Natal Valley and the Mozambique Coastal Plains
produces signiﬁcant overlaps with Antarctica in many Gondwana reconstructions. On
the conjugate margin, the Astrid Ridge is a poorly studied feature whose history is ap-
parently related to the formation of the oldest crust in the Africa-Antarctica corridor.
Aeromagnetic measurements in the southwestern Enderby Basin/Cosmonauts Sea
east of the Gunnerus Ridge were conducted in 2006. The data clearly image the
continent-ocean-transition oﬀshore Prince-Harald Coast. No magnetic spreading
anomalies can be seen in the data, however. The oceanic crust is thus interpreted
to have formed during times of the Cretaceous Normal superchron. India and Sri
Lanka were thus attached to Antarctica up to these times.
Two wide-angle seismic proﬁles across the Central Mozambique continental margin
as well as magnetic and gravity data were acquired in the Mozambique Channel in 2007.
P-wave velocity and density modelling of the seismic refraction proﬁles reveals conti-
nental crust, thinning seawards by 50% over a distance of ∼130 km. From a pronounced
negative magnetic anomaly near the shoreline southwards, slightly thickened to nor-
mal oceanic crust is present. Lowermost sediments with high P-wave velocities around
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4.8 km/s overlie the oceanic basement. An extensive lower crustal high-velocity-body
with P-wave-velocities ≥ 7.0 km/s has been found in both proﬁles. The identiﬁcations
of magnetic spreading anomalies in the Mozambique Channel have been extended to
the north, revealing that the continent-ocean-transition is located closer to the coast
than supposed so far. M41n is interpreted to be the oldest existing magnetic spreading
anomaly near the Central Mozambique shoreline.
Extensive and systematic magnetic and gravity measurements have been made on
the Mozambique Ridge and the Natal Valley in 2009. The data show magnetic spread-
ing anomalies with diﬀerent trends on the Mozambique Ridge and in the Northern
Natal Valley, which are thus mainly underlain by oceanic crust. The similarity of the
magnetic and gravity ﬁeld between the Mozambique Coastal Plains and the new data
farther south and the absence of signs for a continent-ocean-boundary give evidence
for a mainly oceanic nature of the Mozambique Coastal Plains as well.
In 2009/2010, systematic aeromagnetic measurements were made across the Astrid
Ridge and the southwestern Riiser-Larsen Sea, Antarctica. The Astrid Ridge is subdi-
vided by the Astrid Fracture Zone into a northern and a southern part with diﬀerent
magnetic signatures. The southern part is weakly magnetized as is the southwestern
Riiser-Larsen Sea. It is interpreted to consist of oceanic crust. Parallel anomalies on
this part of ridge point to a formation by seaﬂoor spreading in another direction than
the Riiser-Larsen Sea. The northern part of the Astrid Ridge shows strong positive
magnetic anomalies, pointing to a diﬀerent and younger formation history than the
southern part.
The regional results were interpreted within the context of Gondwana breakup and
implemented into a new kinematic model between Africa and Antarctica, which is
presented in this study. This model adapts a tight continental ﬁt for Gondwana and
postulates a two-stage breakup. During the ﬁrst stage, Antarctica rotated anticlock-
wise with respect to Africa, the Grunehogna Craton clearing the Mozambique Coastal
Plains and occupying a position east of the Mozambique Fracture Zone around 159
Ma. Afterwards, Antarctica moved southwards during stage 2 and oceanic crust in the
Mozambique Channel formed. The Mozambique Ridge and the Northern Natal Valley
were formed by seaﬂoor spreading on a spreading centre that changed its position two
times by jumps to the south.
The new kinematic model is in agreement with the known geological and geophysical
ﬁndings and explains the formation of the Jurassic and Early Cretaceous crust in the
Africa-Antarctica Corridor without contradictions and overlapping problems.
2
Abstract
1.2. Deutsche Fassung
Die Erde sah in ihrer Geschichte episodisch auftretende gewaltige Ansammlungen
von Kontinentalmassen, sogenannte Superkontinente. Die letzten, Pangaea und Gond-
wana, zerﬁelen im Trias und Jura. Die Verteilung der Landmassen übt großen Einﬂuß
auf das Klima und die Biosphäre der Erde aus. Über eine detaillierte Kenntnis von
Zeit und Ablauf der Entstehungs- und Zerfallsprozesse dieser riesigen Kontinente zu
verfügen, ist daher als Rahmen für viele Disziplinen der Erdwissenschaften von Bedeu-
tung.
Diese Studie befaßt sich mit den Relativbewegungen Afrikas und Antarktikas vom
Mittleren Jura bis zur Unteren Kreide. Nur ein schmaler Streifen Meeresboden, der
Afrika-Antarktika-Korridor, gibt direktes Zeugnis dieser Bewegungen. Obwohl die
kinematische Geschichte zwischen den beiden Kontinenten für das Känozoikum hin-
reichend abgesichert ist, ist über die jurassischen Prozesse wenig bekannt, vor allem
aufgrund mangelnder Daten an den konjugierenden Kontinentalrändern. Daher er-
hob das AWI mit Kooperationspartnern im Rahmen von vier Meßkampagnen zwischen
2006 und 2010 neue Weitwinkelseismik- und Potentialfelddaten an den beiden kon-
jugierenden Rändern, um Informationen über Alter und Ursprung der Kruste im Afrika-
Antarktika-Korridor zu gewinnen. Zu beiden Seiten existieren aseismische Plateaus,
deren Ursprung unklar ist. In vielen Gondwana-Rekonstruktionen führt die Annahme
kontinentaler Kruste unter dem Mosambikrücken, dem Nördlichen Natalbecken und
den Küstenebenen Mosambiks zu signiﬁkanten Überlappungen mit dem antarktischen
Kontinent. Am konjugierenden Rand beﬁndet sich der Astridrücken, eine wenig unter-
suchte Struktur, dessen Geschichte augenscheinlich mit der Bildung der ältesten Kruste
im Afrika-Antarktika-Korridor verbunden ist.
2006 wurden im südwestlichen Enderby-Becken/Kosmonaut See östlich des Gun-
nerus Rückens aeromagnetische Messungen durchgeführt, deren Daten den Kontinent-
Ozean-Übergang seewärts der Prinz-Harald-Küste klar abbilden und keine magnetis-
chen Spreizungsanomalien ersichtlich machen. Die ozeanische Kruste wird daher als
in der Zeit der kretazischen Superchrone gebildet interpretiert. Indien und Sri Lanka
waren somit bis dahin mit Antarktika verbunden.
Zwei Weitwinkelseismikproﬁle über den Kontinentalrand Zentralmosambiks hinweg
sowie Magnetik- und Schweredaten wurden 2007 im Mosambikkanal erhoben. Die
P-Wellen-Geschwindigkeits und Dichtemodellierung der refraktionsseismischen Proﬁle
erbrachte kontinentale Kruste, die seewärts über eine Distanz von etwa 130 km um 50%
ausdünnt. Von einer markanten negativen magnetischen Anomalie nahe der Küstenlinie
südwärts liegt leicht verdickte bis normale ozeanische Kruste. Direkt auf der ozeanis-
chen Krustendecke ﬁnden sich Sedimente mit hohen P-Wellen-Geschwindigkeiten um
4.8 km/s.
3
Abstract
In der unteren Kruste wurde in beiden Proﬁlen ein umfangreicher Hochgeschwindig-
keitskörper mit P-Wellen-Geschwindigkeiten ≥7.0 km/s gefunden. Die Identiﬁkatio-
nen magnetischer Spreizungsanomalien im Mosambikkanal wurden nach Norden er-
weitert, was ergab, daß der Kontinent-Ozean-Übergang dichter an der Küste liegt als
bisher angenommen. M41n wird als älteste, nahe der Küstenlinie Zentralmosambiks
existierende Spreizungsanomalie interpretiert.
2009 wurden umfangreiche und systematische Magnetik- und Schwerefeldmessun-
gen am Mosambikrücken sowie im Natalbecken durchgeführt. Die Daten zeigen mag-
netische Spreizungsanomalien mit unterschiedlichen Trends am Mosambikrücken und
im Nördlichen Natalbecken, die somit weitgehend von ozeanischer Kruste unterlegt
sind. Die Ähnlichkeit des Magnet- und Schwerefeldes der Küstenebenen Mosambiks zu
den neuen Daten weiter südlich sowie das Fehlen von Hinweisen auf eine Kontinent-
Ozean-Grenze impliziert zudem eine ebenso überwiegend ozeanische Krustennatur der
Küstenebenen Mosambiks.
Systematische aeromagnetische Messungen erfolgten 2009/2010 am Astridrücken
und in der südwestlichen Riiser-Larsen Sea, Antarktis. Der Astridrücken ist durch die
Astrid-Bruchzone in einen nördlichen und einen südlichen Teil mit unterschiedlicher
magnetischer Signatur unterteilt. Der südliche Teil ist schwach magnetisiert, ent-
sprechend der südwestlichen Riiser-Larsen See. Der nördliche Teil des Astridrückens
zeigt stark positive magnetische Anomalien, was auf eine unterschiedliche und jüngerere
Geschichte als die des südlichen Teils hindeutet.
Die regionalen Ergebnisse wurden im Kontext des Gondwana-Aufbruchs interpre-
tiert und in ein neues kinematisches Modell zwischen Afrika und der Antarktis im-
plementiert, welches in dieser Studie vorgestellt wird. Das Modell geht von einer
engen Gondwana-Passung der Kontinente aus und postuliert einen zweiphasigen Auf-
bruch. Während der ersten Phase rotierte Antarktika gegen den Uhrzeigersinn rela-
tiv zu Afrika, was dazu führte, daß der Grunehogna Kraton vor etwa 159 Millionen
Jahren die Küstenebenen Mosambiks freistellte und eine Position östlich der Mosambik-
Bruchzone einnahm. Im Anschluß bewegte sich Antarktika während Phase 2 südwärts,
und im Mosambikkanal wurde ozeanische Kruste gebildet. Der Mosambikrücken und
das Nördliche Natalbecken wurden durch Spreizung an einem Zentrum gebildet, das
seine Position zweimal durch Südsprünge veränderte.
Das neue kinematische Modell entspricht den bekannten geologischen und geophysi-
kalischen Erkenntnissen und erklärt die Bildung der jurassischen und unterkretazischen
Kruste im Afrika-Antarktika Korridor widerspruchsfrei und ohne Überlappungsprob-
leme.
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1.3. Version française
La Terre a connu épisodiquement dans son histoire l’apparition de puissants amasse-
ments de masses continentales, dits supercontinents. Les derniers, la Pangée et le
Gondwana, se fracturèrent durant le Trias et le Jurassique. La répartition des masses
continentales a une grande inﬂuence sur le climat et la biosphère de la Terre. C’est
pourquoi disposer d’une connaissance détaillée du temps et du déroulement des pro-
cessus de formation et de fracturation de ces immenses continents a une importance,
comme cadre, pour de nombreuses disciplines des sciences de la Terre.
Cette étude traite des mouvements relatifs de l’Afrique et de l’Antarctique, du Juras-
sique moyen jusqu’à la ﬁn du Crétacé inférieur. Seul un ruban étroit du fond marin,
le corridor Afrique-Antarctique, témoigne directement de ces mouvements. Bien que
l’histoire cinématique entre les deux continents soit relativement bien connue pour
l’ère Cénozoïque, les événements jurassiques sont peu connus, avant tout en raison de
données manquantes sur les marges continentales conjuguées.
De ce fait, de nouvelles données sismiques grands-angles et de champs potentiels
ont été acquises au cours de quatre campagnes de levés scientiﬁques entre 2006 et
2010 à ces deux marges conjuguées, par l’Institut Alfred Wegener et des partenaires de
coopération, aﬁn de collecter des informations sur l’âge et l’origine de la croûte dans le
corridor Afrique-Antarctique. Il existe, des deux côtés, des plateaux asismiques dont
l’origine est obscure. Dans beaucoup de reconstitutions du Gondwana, la supposition
de l’existence de croûte continentale sous la ride du Mozambique, le bassin nord du
Natal et les plaines côtières du Mozambique, conduit à des recouvrements signiﬁcatifs.
A la marge conjuguée en Antarctique se trouve la ride d’Astrid, une structure peu
examinée, dont l’histoire est visiblement liée à la formation de la plus ancienne croûte
du corridor Afrique-Antarctique.
Des mesures aéromagnétiques dans le bassin Enderby du Sud-Ouest/la mer des
cosmonautes à l’est de la dorsale de Gunnerus furent relevées en 2006. Les données
montrent clairement la transition continent-océan de la côte du Prince Harald vers
le large. Toutefois, aucune anomalie magnétique d’accrétion n’est évidente dans les
données. La croûte océanique est de ce fait interprétée comme ayant été formée au
temps du superchron magnétique normal du Crétacé. Ainsi, l’Inde et le Sri Lanka
furent donc probablement liés à l’Antarctique jusqu’à cette période.
Deux proﬁls sismiques grands-angles à travers la marge continentale du Mozambique
central, ainsi que des données magnétiques et gravimétriques, ont été relevés en 2007.
La vitesse des ondes P et la modélisation de la densité des proﬁls sismiques de réfrac-
tion révèlent une croûte continentale qui s’amincit de près de 50% sur une distance de
∼130 km vers le large. A partir d’une anomalie magnétique négative marquante près
de la ligne de côte en allant vers le Sud, on trouve de la croûte océanique, d’épaisseurs
légèrement plus importantes jusqu’à des épaisseurs normales. Des sédiments à hautes
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vitesses d’ondes P, autour de 4.8 km/s, se trouvent en surface de la croûte océanique.
Dans la croûte inférieure, un vaste corps de grande vitesse ayant des vitesses d’ondes
P ≥7.0 km/s a été retrouvé dans les deux proﬁls. Les identiﬁcations des anomalies
magnétiques d’accrétion dans le canal du Mozambique ont été élargies vers le nord ce
qui signiﬁe que la transition continent-océan se trouve plus proche de la côte que sup-
posé jusqu’à présent. M41n est interprétée comme la plus vieille anomalie magnétique
d’accrétion existante près de la ligne de côte du Mozambique central.
De grands levés magnétiques et gravimétriques systématiques ont été eﬀectués en
2009 à la ride du Mozambique ainsi que dans le bassin nord du Natal. Les données
montrent des anomalies magnétiques d’accrétion avec des orientations diverses sur la
ride du Mozambique et dans le bassin nord du Natal, qui sont donc constitués en grande
partie de croûte océanique. La similitude du champ magnétique et du champ grav-
imétrique des plaines de la côte du Mozambique avec les nouvelles données relevées plus
au sud, ainsi que le manque d’indications d’une frontière continent-océan impliquent
une nature de croûte océanique majoritaire des plaines de la côte du Mozambique
pareillement prépondérante.
Des mesures aéromagnétiques systématiques ont été eﬀectuées en 2009/2010 à la
ride d’Astrid et au sud-ouest de la mer de Riiser-Larsen, Antarctique. La ride d’Astrid
est scindée par la zone de cassure d’Astrid en une partie nord et une partie sud ayant
des signatures magnétiques diﬀérentes. La partie sud est faiblement aimantée, comme
au sud-ouest de la mer Riiser-Larsen. La partie nord de la ride d’Astrid montre des
anomalies magnétiques fortement positives qui indiquent une histoire diﬀérente et plus
récente que celle de la partie sud.
Les résultats régionaux ont été interprétés dans le contexte de la fracturation du
Gondwana et ont été intégrés dans un nouveau modèle cinématique entre l’Afrique et
l’Antarctique, lequel est présenté dans cette étude. Le modèle part d’un ajustement
étroit des continents du Gondwana et postule une fracturation diphasée. Pendant la
première phase le continent Antarctique tournait dans le sens inverse des aiguilles d’une
montre par rapport à l’Afrique, ce qui eut pour conséquence que le craton de Grune-
hogna libéra, il y a environ 159 millions d’années, les plaines des côtes du Mozambique,
en prenant une position à l’Est de la zone de cassure du Mozambique. Le continent
Antarctique se déplaça à la suite pendant la phase 2 vers le Sud, et dans le canal du
Mozambique la croûte océanique se forma. La ride du Mozambique et le bassin nord du
Natal ont été formés par l’écartement sur un centre, qui changea deux fois sa position
par des sauts vers le Sud.
Le nouveau modèle cinématique correspond aux connaissances géologiques et géo-
physiques connues et explique la formation de la croûte jurassique et crétacée inférieure
dans le corridor de l’Afrique-Antarctique sans contradiction et sans problème de su-
perposition.
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Introduction
2.1. Gondwana – a far terrain for scientists, discoverers and
visionists
"So that I may perceive whatever holds the world together in its inmost folds".
According to the wish of Goethe’s Faust, man since ever thought about the surrounding
nature. Leaving its nearest environment, man discovered the world, travelled the wide
lands to the continental frontiers and sailed the seven oceans to open up new lands.
Over the centuries the maps were ﬁlled. Continents and islands appeared before the
discoverer’s faces, others sunk into oblivion again to be rediscovered later. Finally, the
image of the Earth’s surface stood for all the world to see.
In the 19th century, fossile leafs of the seed ferm Glossopteris were found in India,
Australia, South Africa and South America [Thenius, 1981]. The question arose, how
to explain these ﬁndings on that far lying parts of the Earth. Even if men had succeeded
to cross the oceans, how should plants have done this?
Already in the 16th century, the ﬂemish cartogra-
Figure 2.1. Map of Antonio
Snider-Pellegrini [Snider , 1858]
pher Ortelius had mentioned the similarity between the
eastern coastline of South America and the western one
of Africa. In 1596, he wrote in his work Thesaurus
Geographicus of earthquakes and ﬂoods as reasons for
America having been torn away from Europe and Africa.
Afterwards, casually, several erudites mentioned these
similarities and wondered about. But the approaches
remained within the frame of catastrophism theory
[Rupke, 1970].
The ﬁrst map showing South America and Africa ly-
ing close together was published in 1858 by Antonio
Snider-Pellegrini (Fig. 2.1, Snider [1858]). In princi-
pal it already shows the western part of the supercontinent, that is known today as
Gondwana. A historical overview about the emergence of the notion Gondwana in the
geoscientiﬁc context was given by Thenius [1981]. The word means as much as "Land
of the Gonds", the Gonds having been a Dravidian tribe, inhabiting Gondwâna, an old
region in India. Although the notion had already been used casually before, it started
to establish as name of an old bridge-building continent in geoscientiﬁc circles, when
Eduard Suess wrote his work "Das Antlitz der Erde" [Suess , 1885].
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Alfred Wegener (1880–1930, Fig. 2.2) thus has not been the ﬁrst, wondering about
a displacement of the continents and sketching the assembly of Gondwana when pub-
lishing his book "Die Entstehung der Ozeane und Kontinente" in 1915 (last edition
1929) [Wegener , 1929]. He himself conceded this and citated for example Green, who
had written already in 1857 of "segments of the earths crust, swimming on the liquid
core" [Wegener , 1929; Green, 1857].
Amongst others, Wegener pointed to simi-
Figure 2.2. Alfred Wegener, Source: AWI
lar ideas, which Taylor discussed in an article
in 1910 [Taylor , 1910]. Thus, although We-
gener stood not alone with his ideas, his merit
was to set up the theory of continental drift
in his work, being the ﬁrst writing down that
theory in a closed-form expression. When We-
gener died on expedition in Greenland in 1930,
it should still last around 30 years until his
thoughts had been broadly accepted by scien-
tists.
Today, we have reﬁned the theory of con-
tinental drift with the theory of plate tecton-
ics. We use sophisticated instruments to mea-
sure the annual relative movements of the con-
tinents with a precision of centimeters. But
Gondwana, the world before our time, is not
only challenging science, it also continues in-
spiring the imagination of man. How had it been at that time, on the Earth of those
times, when the Earth’s shape was another one that of our planet today? How had
been the climate, what kind of animals inhabited the land and the oceans, what had
been the form of those parts of Gondwana that are forming the diﬀerent continents
today? It is a far ﬁeld for science as well as for the spirit of man and that will be the
case in future.
The history of Earth eludes the direct observation. Everything we know about it,
we have to derive from the Earth’s present-day shape and from palaeontologic ﬁndings.
The composition and the traces of the tectonic plates after the breakup of the large
continent can be derived mainly from geophysical studies. Since the breakup history
of Pangea/Gondwana provides the background information for many Earth-related
scientiﬁc disciplines and provides constraining conditions for climate history studies, it
is important improve our knowledge about the processes around the end of the existence
of the last supercontinent.
This study tries to make a contribution to that scientiﬁc eﬀort.
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2.2. Aim and constraining general framework of this thesis
The idea to this work arose within the German-French cooperation project MoBa-
MaSis in 2007, during which new data in the Mozambique Channel were acquired. The
initiative came from Dr. Wilfried Jokat (AWI Bremerhaven), who was the scientiﬁc
mentor of the author during this study, and from Dr. Frauke Klingelhoefer (IFRE-
MER Brest) who supervised the work together with Prof. Dr. Heinrich Miller (AWI
Bremerhaven and Universität Bremen). The aim of the study was, ﬁrst, partially the
data acquisition, second, the processing, interpretation and presentation of the new
regional data sets, and ﬁnally the integration of the results into the context of a plate
tectonic model between Africa and Antarctica. By that way, conclusions on the Juras-
sic to Early Cretaceous kinematic processes related to the breakup of Gondwana should
be drawn. To achieve this, the author of this study was employed for three years at
the Alfred-Wegener-Institut in Bremerhaven. As a consequence of the German-French
cooperation, the study has been conceived as cotutelle between the universities of Bre-
men and Brest, where the author worked for ten months at the IFREMER. The thesis
presents the work that has been done within four scientiﬁc projects, in which the au-
thor took part to a diﬀerent extend. He attended two cruises connected to this study,
ﬁrst, the expedition AISTEK III in April/May 2009 with R/V Pelagia to the Mozam-
bique Ridge, and, second, the aerogeophysical campaign WEGAS2010 in December
2009/January 2010 to Neuschwabenland, Antarctica, during which the measurement
ﬂights across the Astrid Ridge were conducted. The author was in charge of the data
processing of all four projects.
2.3. Outline of the thesis
The introduction presented the motivation of the study and gives in the following a
brief review of the most important facts known about the development of Gondwana.
In the following chapter 3, a short description of the used instruments and methods
will be given. The core of the thesis are the four manuscripts, in which the main part
of the work that has been done is included. Within chapter 4 the articles are outlined
with general information about submissions and publications. Chapter 5 to 9 present
the manuscripts themselves and add according, non-published materials. Chapter 10
summarizes the results and draws conclusions before giving an outlook to possible
scientiﬁc eﬀorts, which would have the potential to extend the ﬁndings of this study.
The Appendix presents all processed wide-angle seismic data of the marine and onshore
seismic stations, which were used for the two proﬁles across the Central Mozambique
continental margin, presented in chapter 5. In addition to the particular reference
sections within each manuscript chapter, a bibliography with all used sources is given
at the end of the thesis.
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2.4. The supercontinent cycle
The Earth’s plate tectonic history is
Figure 2.3. Drift of the continents after Wegener
[1929]
regarded to have proceeded periodically.
Times when continental masses were well
distributed over the Earth’s surface al-
ternated with times when they were more
or less assembled in bigger units, called
supercontinents. The "Wilson cycle"
describes the whole process from the
breakup of continental crust via the on-
set of seaﬂoor spreading and basin for-
mation to the subduction of seaﬂoor and
ﬁnally to the collision of the continental
crustal units and the assembly of new
supercontinents. The formation and frag-
mentation of these large continents had
strong impacts on the sea level and the
pattern of ocean currents, which in turn
heavily inﬂuenced the climate and the
erosional processes on Earth and thus
ﬁnally the biosphere. In the literature,
several supercontinents were postulated
to have existed in the Earth’s past. The
last one, Pangaea with its southern part
Gondwana, is quite well constrained
amongst others by the traces, which have been engraved into the seaﬂoor by the mov-
ing continents. Due to the subduction of the seaﬂoor, the processes that led to the
formation of Gondwana are much less known than those related to its fragmentation.
Finding evidences for anteceding supercontinents is yet more diﬃcult. Nevertheless,
palaeomagnetic as well as isotopic and geochronological data point to the existence of a
Meso to Neoproterozoic supercontinent, which is named Rodinia after the Russian word
for homeland. The assembly of Gondwana was probably concomitant to the breakup
of that older and larger supercontinent [Meert and van der Voo, 1997; Hoﬀman, 1999;
Sahu, 2000]. The fragments of Rodinia partially amalgamated to Gondwana forming
the Pan-African-Brasilian orogenic belts between ∼725 and ∼500 Ma [Unrug , 1997].
The amalgamation of Gondwana was probably ﬁnished by 530 Ma [Meert and van der
Voo, 1997]. The larger continent Pangea has been formed, when Gondwana collided
with another large continental assembly, Laurasia. Several palaeozoic orogenic belts
like the Variscan, the Appalachian and the Caledonian give evidence of this collision.
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Figure 2.4. Map of Pangaea around 220 Ma; the map without labels is from Ronald Blakey,
http://cpgeosystems.com/
Figure 2.4 shows the palaeogeography of Pangaea around 220 Ma. In white letters,
the position of the continents known today is marked. Gondwana was the southern
part of Pangaea and was surrounded by the Panthalassa and Thetys Oceans. The
fragmentation of Pangea in Triassic to Cretaceous times ﬁnally led to the continental
distribution that we observe today. The breakup of Gondwana started in the Middle
Jurassic with the fragmentation of the continent into a western and an eastern part.
Antarctica and Africa are the two keystones to the Gondwana puzzle, because they had
common borders with all the other parts of the supercontinent. Since the southernmost
continent on Earth protects its secrets with kilometers of ice, geological samples can
be collected onshore only in limited regions. The hostile environment, marine and con-
tinental ice coverage as well as the only sparsely existing human infrastructure make
scientiﬁc campaigns onshore and oﬀshore diﬃcult and expensive. Africa is confronting
scientists with completely diﬀerent diﬃculties due to the social and political circum-
stances. Despite of these diﬃculties, a big amount of new seismic and potential ﬁeld
data have been acquired in the last years, providing new scientiﬁc insights into the
Jurassic breakup history of Gondwana.
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Chapter 3.
Data acquisition and processing methods
This chapter presents technical information about the instruments used for the
data acquisition for this study and provides some background information about the
data processing. Detailed information about the data processing are included in the
manuscript chapters themselves. This chapter will brieﬂy add information that are
regarded as necessary for the purpose of completeness.
3.1. Wide-angle seismic data
Wide-angle or seismic refraction data diﬀer from the seismic reﬂection data mainly
by the distance that the acoustic energy travelled through the earth’s layers from the
seismic source and the receiver. The seismic reﬂection method is useful to resolve the
impedance contrasts between sediment layers. The advantage of the seismic refraction
method is its capability to deal with waves deeper diving into the lithosphere. These
waves provide information about the structure of the earth’s crust and even the depth
of the Mohorovičić discontinuity coinciding with the crust-mantle boundary. Figure
3.1 shows the most simple types of travelpaths that an acoustic wave can take from
the seismic source to the receiver.
Figure 3.1. Schematic and simpliﬁed drawing of diﬀerent travelpaths of acoustic
waves; red: refracted, diving wave, yellow: head wave, green: reﬂected wave
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Figure 3.2. OBS data ex-
ample with labelled origin of
the refracted phases
At impedance contrasts, one part of the acoustic en-
Figure 3.3. Workﬂow of wide-
angle seismic data processing
ergy is reﬂected, the other one is refracted and passing
the boundary. The amount of reﬂected/refracted energy
depends on the waves incident angle, following Snell’s
law. If this angle reaches a critical value, no energy
passes the boundary anymore and the main part of the
wave energy is reﬂected or travels as so-called head wave
along the boundary. In addition, waves can turn in a
layer without being aﬀected by pronounced impedance
contrasts, due to vertical velocity gradients within the
layer. Data processing includes the identiﬁcation and
classiﬁcation of the phases that are recorded by the re-
ceiver. In reality, the travelpaths of the acoustic waves
can be much more complicated due to wave type con-
versions and internal layer reﬂections. In ﬁgure 3.2 an
exemplary seismic recording of an ocean bottom seis-
mometer is shown. The types of the layers in which the
refracted waves turned, are assigned to the phases. For
a detailed study of seismic refraction and raytracing the-
ory the reader is pointed to the vast body of geophysical
literature.
To give an overview of the seismic data processing and
modelling, a symbolic workﬂow is shown in ﬁgure 3.3.
After the ﬁrst steps of data acquisition, data conversion
and quality control, the model geometry has been de-
signed by deﬁning a model line passing the deployment
coordinates of the ocean bottom seismometers. Oﬀsets
could then be assigned to the seismic data.
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Due to ocean currents, the exact position of the seismic stations on seaﬂoor is
unknown. The instruments have thus been relocalized in the dimension of the model
line. This happened after velocity reduction of the data with a velocity of 8 km/s. The
oﬀsets of each station have been shifted by a constant value until the water wave was
symmetrical around the point, which corresponds to a shot position directly above the
OBS. A data example prior to and after relocalisation is given in ﬁgure 3.4. Phase
picking and identiﬁcation has been conducted as iterative process with raytracing and
model adjustments (see chapter 5 for details). The resulting model was then used as
constraining condition for 2D density modelling using the gravity data. More detailed
information to the data processing is included in chapter 5.
a) Water wave before position relocalisation b) Water wave after position relocalisation
Figure 3.4. Example of seismic station relocalisation
For seismic data acquisition, four types of seismic stations have been used and will be
brieﬂy described in following. The technical data and the photographs of the marine
stations are taken from Reichert and Neben [2008]. The technical data and pictures of
the seismic land station are taken from Matias et al. [2008].
3.1.1. Seismic Source
For the wide-angle seismic proﬁles of this study, an array
of eight G-guns was used to generate the seismic energy.
Every G-guns had a volume of 520 cu.in thus resulting
in a total maximum volume of 4160 cu.in . (67.2 l). The
working pressure was 145 bar. Six of the eight G-guns
were mounted on an array as shown in ﬁgure 3.5 and
towed behind the ship at a depth of 8 m [Reichert and
Neben, 2008]. Figure 3.5. Airgun
array; source: Reichert
and Neben [2008]
15
Data acquisition and processing methods
3.1.2. Ocean Bottom Seismometer(OBS)
Ocean Bottom Seismometers were used in
this study for the two wide-angle seismic
proﬁle of the MoBaMaSis cruise. Being
equipped with one hydrophone and one 3-
component geophone, they were deployed to
the seaﬂoor and measured the incident seis-
mic waves generated by the airguns of the
ship. The OBS are based on the GEO-
MAR electronic system (SEND GmbH). The
instruments are mounted on an aluminium
frame together with lifting bodies. All elec-
tronic components and batteries are pro-
tected by metal cylinders. When receiving
an ultrasonic signal, they release from their
anchor weight and raise back to the sea sur-
face (hopefully). In ﬁgures 3.6 and 3.7, an
OBS is shown onboard and during deploy-
ment.
Figure 3.6. Ocean Bottom Seismome-
ter onboard; source: Reichert and Neben
[2008]
Figure 3.7. Ocean Bottom Seismome-
ter during deployment; source: Re-
ichert and Neben [2008]
Technical data of the OBS:
Dimensions: 1.8 m in height
Weight: 240 kg plus 65 kg (anchor)
Hydrophone: OAS-R2-PD
Geophone: External 3–component
geophone (4.5 Hz)
Release system: MORS acoustic release
Preampliﬁer: LOWN 0-50 Hz/0-150 Hz
Data storage: Hard disk memory
Others: Flash and radio beacon
(NOVATECH)
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3.1.3. MicrOBS
In addition to the OBS, Mi-
cro Ocean Bottom Seismometer
(MicrOBS) were used during the
MoBaMaSis cruise. These in-
struments were developed by the
IFREMER and are much smaller
and less heavy than the normal
OBS. The instruments and elec-
tronic components are installed
within a glas sphere. The maxi-
mum deployment depth is 5.000 m.
Figure 3.8. Micro Ocean Bottom Seismometer,
technical drawing; source: Reichert and Neben
[2008]
Figure 3.9. Micro Ocean Bottom Seis-
mometer onboard; source: Reichert and
Neben [2008]
Technical data of the MicrOBS
Dimensions: 13" glas sphere
Weight: 20 kg plus 20 kg (anchor)
Hydrophone: Broad band
HTI-90-U High Tech.
Geophone: 3-component geophone
(4.5 Hz or 10 Hz)
Release system: Mechanical hook
with a burn wire
Preampliﬁer: LOWN 0-50 Hz / 0-150 Hz
Data storage: Flash card memory
Others: Internal ﬂashlight and radio
transmitter (NOVATECH)
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3.1.4. REFTEK land station
Two diﬀerent types of seismic
land stations were operated dur-
ing the expedition MoBaMaSis
onshore Mozambique [Matias
et al., 2008]. The ﬁrst type, a
REFTEK seismic land station
operates three strings with six
geophones per channel, thus 54
geophones per station. 12 V
AGM (Absorbed Glass Mat)
batteries supply the station with
energy.
Figure 3.10. REFTEK seismic land station;
source: Matias et al. [2008]
Technical data of the seismic sensors:
Model: Sensor Nederland, SM-6/U-B
Dimensions: Height: 36 mm, diameter: 25.4 mm
Weight: 81 g
Natural frequency: 4.5 Hz ± 0.5 Hz
Damping: 0.56 ± 5 % (open circuit)
Distortion: less than 0.3 % at 12 Hz
Technical data of the acquisition system:
Model: Reftek 72A-08
A/D dynamics at 100 Hz: ±5.588 nV
Resolution: 24 bit
Anti-alias ﬁlter: Linear phase FIR.
Pass band (to -3dB): 41 % of sample rate.
Stop band (at -140 dB): 50 % of sample rate
Data storage: External SCSI hard disk, 4 GB
Time synchronisation: GPS receiver
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3.1.5. LEAS land station
The second type of seismic
land station come fromt the
French manufacturer LEAS. Each
station is equipped with one
3-component HATHOR-3 seis-
mometer. Figure 3.11 shows one
of these stations.
Figure 3.11. LEAS seismic land station; source:
Matias et al. [2008]
Technical data of the seismic sensors
Model: CDJ-S2C (China)
Dimensions: Cylinder with 107 mm height
and a diameter of 147 mm
Weight: 2 kg
Natural frequency: 2.0 Hz ± 10 %
Damping: 0.70 ± 10 %
Harmonic distortion: less than 0.2 %
Technical data of the acquisition system:
Model: LEAS Hathor-3
A/D dynamics (at 100 Hz): 20 bit (gain 1 to 8)
Max. input level: ± 2.5 V
Anti-alias ﬁlter: 26.2 Hz
Data storage: Removable 2 GB hard disk
Time synchronisation: GPS receiver
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3.2. Magnetic data
This thesis presents a large amount of new magnetic data that were collected by
ship, by aircraft and on land. The measurement principles are widely the same and
the instrumentation is similar, too. Diﬀerences exist mainly concerning the way they
are mounted and operated.
3.2.1. On the land: Magnetic base station data
The magnetic ﬁeld has internal and external components, the ﬁrst of which orig-
inate from the earth’s interior, the second from current systems in the athmosphere
and variations of the earth’s magnetic ﬁeld due to the solar activity. These external
variations follow roughly daily cycles, being called diurnal variations. The external
components of the magnetic ﬁeld has to be removed as much as possible from the data
to isolate the magnetic ﬁeld components originating from the seaﬂoor. The classical
approach to achieve this is operating a ﬁxed magnetic base station near the measure-
ments during the time of the cruise. Using the simpliﬁed assumption that the diurnal
variations at the base station are the same as at the position of the measurement, one
simply subtracts the base station variations from the measurements. Unfortunately,
this assumption is often not correct in reality, particularly if the distance to the base
station is too great.
It follows a description of the base station data processing from AISTEK III:
The total magnetic ﬁeld was recorded in Durban by a GSM-19 Overhauser magne-
tometer with an interval of 10 s. First, spikes and artefacts were manually removed in
the data and the gaps were ﬁlled by linear interpolation. Then, the data were ﬁltered
with a 1.800s lowpass ﬁlter. To get the data zero level, the mean value of the most
quiet days was calculated. This was done by calculating at ﬁrst the daily arithmetic
mean values as well as the maximum and minimum value of each day.
After that, all days with a maximum-minimum diﬀerence lower than 16 nT (arbi-
trarily chosen criterium) were selected (marked in table 3.1 with a bold values margin).
Additionally, the magnetic kp- and Dst-indices of the days were taken into account.
Two days for the month of April and two of May with a low Kp-Index were added to
the selected days. Because of higher values, as well as of the kp- as of the Dst-index,
the 19th of April, the 18th of May and the 24th of May were excluded from the list.
Despite of likewise higher index-values, the 21th of April was not removed to have at
least three days of the month April in the ﬁnal selection. In table 3.1, the days marked
with a gray background are those days, which were ﬁnally chosen to calculate the zero
level. This was now done by calculating the arithmetic mean value of the daily means.
The resulting zero level was 28210 nT. This value was subtracted from the ﬁltered base
station data to get the pure diurnal variations.
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Date Values margin [nT] Mittelwert [nT] Kp-Index Dst-Index
19.04.2009 15.55 28210.43 10- -6
21.04.2009 15.14 28212.22 8+ -4
23.04.2009 19.40 28210.44 3o -2
30.04.2009 25.00 28210.94 4o -3
12.05.2009 17.45 28211.75 2- -5
17.05.2009 12.14 28207.30 2+ -1
18.05.2009 15.45 28213.37 6- 4
24.05.2009 14.86 28202.56 7o -4
26.05.2009 13.32 28207.74 4+ 2
27.05.2009 27.82 28209.88 2o 1
Table 3.1. Selection of most quiet days for the zero level calculation in the base station data from
AISTEK III
Figure 3.12. Magnetic base station during WEGAS2010, Neuschwabenland
The diurnal variations were later on subtracted from the measurement data. The
data processing was accomplished by subtraction of the International Geomagnetic
Reference Field (IGRF) 2005 from the data and crosspoint error correction between
the proﬁles (levelling). A similar approach has been chosen for the magnetic base
station data of the WEGAS2010 campaign.
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3.2.2. At sea: Ship-towed gradiometer data
During the expedition AISTEK III [Jokat ,
Figure 3.13. One of the two sensors of the
SeaSpyTM gradiometer system; source: au-
thor’s archive
2009; Leinweber and Jokat , subm., 2011], mag-
netic data were acquired using a SeaSpy gra-
diometer system (Fig. 3.13). This system
consists of two Overhauser magnetometers,
towed 200–300 m behind the ship with 100
m sensor distance. Both sensors measured
simultaneously the total magnetic ﬁeld with
an absolute accuracy of 0.1 nT without in-
strumental drift. Measuring the gradient of
the magnetic ﬁeld and integrating it over the
measure distance eliminates the external, di-
urnal variations from the data, assuming the variations are the same at both instru-
ments. This makes the operation of an additional, often far distant station unneces-
sary. Unfortunately, due to side-drift and/or small inaccuracies, the integration of the
gradiometer data often leads to low frequency components in the data that have to
be eliminated by ﬁltering. In this study only one sensor was used and corrected for
diurnal variations with base station data. Finally, this approach provided better re-
sults during a calm external magnetic ﬁeld than using the integrated gradiometer data.
3.2.3. In the air: Aeromagnetic data
The AWI research aircraft Polar 5 is equip-
Figure 3.14. Nose beam of the AWI research
aircraft "Polar 5" with a Cs-2 magnetometer
within; source: author’s archive
ped with two Cs-2 Cesium magnetometers,
one of which is mounted in a nose beam and
the other one in a tail beam of the aircraft
Fig. 3.14. That way, the magnetic distur-
bances produced by the aircraft, shall be min-
imized. Additionally, a ﬂuxgate magnetome-
ter is permanently installed in the plane for
compensation of the eﬀects of the aircrafts
movements. This happens by ﬂying a deﬁned
compensation pattern prior to the ﬁrst mea-
surement ﬂight. By doing this the registra-
tion computer calculates coeﬃcients that are
used later on to correct the measurements. As has been the case for the measurements
during AISTEK III, we used only one (the rear) sensor with base station data due to
a better quality result.
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3.3. Gravity data
3.3.1. Functionality of a gravity meter
A ship gravity meter generally follows the
Figure 3.15. LaCoste&Romberg land grav-
ity meter; source: author’s archive
same principals as a normal L&R land gravity
meter: A small mass is attached to a movable
beam, which is freely held by a zero-length
spring (a spring whose length is zero, unless
it is streched, leading to a linear relationship
between stress and strain). When the beam
has come to rest, one adjusts the upper end of
the tension with a micrometer screw until the
beam is back in the null position. Finally, one
reads the amount of the adjustment made,
thus, the "spring tension", which is the eﬀec-
tive component of the force that the spring
exerts onto the beam.
To measure small diﬀerences of the earth’s gravity ﬁeld with a land gravity meter
requires that the instrument rests for some time without external disturbances. This
is not possible at sea, where signiﬁcant accelerations aﬀect the beam of the instru-
ment. To keep the gravity meter stable, it is mounted on a gimbal frame, which is
stabilized by torque motors. These motors are in turn controlled by a pair of gyros
and accelerometers to hold the instrument horizontal in space. Air dampers are used
to reduce the vertical accelerations. Nevertheless, the beam wouldn’t come to rest at
sea to admit a reading. Therefore the beam’s movement is strongly damped and the
position and velocity is constantly measured at the same time.
Due to the damping, the beam’s acceleration can be neglected and the gravity for-
mula can be reduced to a simple form:
g = S + kB′ + CC
g ... gravity meter reading
S ... spring tension
k ... sensor speciﬁc constant
B’ ... beam velocity
CC ... cross coupling term
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The used gravity meter measured relative gravity values. Thus, referring the mea-
surements to the IGSN (International Gravity Standardization Network) and the ap-
plication of some corrections is necessary and will be sketched in the following:
3.3.2. Used gravity corrections
Tidal correction
This correction takes the inﬂuence of the tidal forces into account and depends on
the position of sun, earth and moon with respect to each other. The tidal correction
follows a complicated formula and has been applied to the data using Oasis montajTM.
Latitude correction
Due to the earth’s elliptical shape and its rotation, the mean gravity changes with
latitude. At higher latitudes, the earth attraction is bigger than at lower ones due to
the smaller distance to the earth’s centre of gravity and to the higher centrifugal forces.
For the correction, the 1967 International Gravity Formula (Bureau Gravimétrique In-
ternational 1967 ) was applied, λ being the latitude of the measurement:
gλ = 978031.8 · (1 + 0.0053024 · sin2(λ) + 0.0000059 · sin2(2λ))
Eötvös correction
Due to the earth’s spherical shape and its rotation, every moving body is inﬂuenced
by the Coriolis Force. The Eötvös eﬀect describes the vertical component of the Corio-
lis Force. It depends on the latitude as well as on the velocity and the moving direction
of a body. The Eötvös correction removes this vertical acceleration from gravity mea-
surements as follows:
δEo¨tvo¨s = 4.040 · v · sinα · cosλ+ 0.001211 · v2
λ ... Latitude of measurement
α ... azimuth of movement (positive clockwise from north)
v ... velocity in km/h
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Free-air correction
The free-air correction calculates the variation of the gravity value with changing
altitude in the free air without other masses between the measurement and the refer-
ence points:
δgFA = −2G·MER3E · δRE ≈ −0.3086
mgal
m
G ... Gravitational constant
ME ... Mass of the earth
RE ... Radius of the earth
3.3.3. Gravity measurements during AISTEK III
Ship-borne gravity measurements
Figure 3.16. S56 Air/Sea gravity meter onboard
R/V Pelagia during AISTEK III; source: author’s
archive
were conducted during the MoBaMa-
Sis and AISTEK III cruises. The AIS-
TEK III data were processed by the au-
thor of this study. The main processing
steps of the data will be brieﬂy sum-
marized in the following. Figure 3.16
shows the S56 Air/Sea gravity meter,
temporarily installed on R/V Pelagia
during AISTEK III. Prior to and af-
ter the two cruise legs of AISTEK III,
gravity measurements were conducted
in Durban. Using these measurements
the data from the sea gravity meter
could be referred to the International
Gravity Standardization Net 1971 (IGSN 71).
The measurements DURM A and DURM B were made at the IGSN point at the
Port Captain’s oﬃce, Durmarine Building:
Longitude: 31°2.13’E
Latitude: 29°52.05’S
Gravity: 979348.66 mGal
(Bureau Gravimetrique International, BGI, Toulouse, France)
The results of the measurements are given in table 3.2.
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Point Date Time Gravity L&R-
measurement
S56-
measurement
DURM A 09.04.2009 11:00 979348.66 2997.36
SHIP A 09.04.2009 16:48 979347.50 2996.20 9348.25
SHIP B1 06.05.2009 08:16 979351.88 3000.17 9341.47
DURM B 07.05.2009 05:10 979348.66 2996.95
DULW B 07.05.2009 05:22 979348.73 2997.02
SHIP B2 07.05.2009 06:35 979351.97 3000.26 9347.27
SHIP C 31.05.2009 12:41 979347.43 2995.55 9338.78
DULW C 31.05.2009 14:29 979348.73 2996.85
Table 3.2. Land gravity measurements during the expedition AISTEK III. The measurements as-
signed with "DULW" were conducted at a point not far from DURM, because the latter was not
accessible anymore. The measurements assigned with "SHIP" were conducted on land next to the
onboard gravity meter.
The gravity value next to the ship, at the nearest possible point to the S56 gravity
meter onboard, was calculated by the following transformations:
Gravity DURM A => Gravity SHIP A
Gravity DURM B => Gravity SHIP B1
Gravity DURM B => Gravity SHIP B2
Gravity DURM B => Gravity DULW B
Gravity DULW C => Gravity SHIP C
The instrumental drift during the ﬁrst cruise leg resulted to:
(979347.50-9348.25) - (979351.88-9341.47) = -11.16 mGal
The levelling of the gravity meter has been adjusted in the harbour between both
cruise legs, resulting in a diﬀerent measured gravity before and after the levelling of:
(979351.88-9341.47) - (979351.97-9347.27) = 5.71 mGal
The instrumental drift during the second cruise leg resulted to:
(979351.97-9347.27) - (979347.43-9338.78)= -3.95 mGal
To calculate the instrumental drift of the cruise, the values given above were linearly
interpolated over the time of the cruise and applied to the gravity values measured by
the Sea gravity meter. The tidal, latitude and Eötvös correction have been applied
as noted above. Finally, the corrected data have been checked manually again and
artefacts created by the Eötvös correction during times when the ship was turning
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were manually removed and interpolated. Then the data have been ﬁltered using a
butterworth-ﬁlter of 8th degree (Cut-oﬀ wavelength: 0.08 degree). The application of a
free-air correction is not necessary for marine gravity measurements, as they happen on
sea level. For this study, a free-air correction was thus only used for the transformation
of the land gravity measurements to the altitude of the ships gravity meter during the
tie measurements to the IGSN71.
3.4. GPS data
During the WEGAS2010 cam-
Figure 3.17. GPS receiver on the Aerodromnaya Nunatak
near the Schirmacher Oasis during the WEGAS2010 cam-
paign; source: author’s archive
paign, the gravity and magnetic
ﬁeld measurements were conduc-
ted by plane. The position of Po-
lar 5 was simultaneously recorded
by four GPS receivers, permanen-
tly installed in the aircraft. For
the processing of aerogravimetric
data, the knowledge of the exact
position is essential to be able to
compensate for the fast move-
ments of the plane. The accuracy
of unprocessed GPS measure-
ments is not good enough to do
this. Thus, postprocessing of the
GPS measurements has to be done
after the ﬂights. The gravity mea-
surements of WEGAS2010 were not evaluated within this study, but the GPS process-
ing has been done by the author. The processed coordinates were used for the magnetic
data as well. Two GPS reference stations were operated during the campaign, one was
temporarilly mounted on a container in the ﬂight camp, the other one was installed on
crystalline rock of the nearby Aerodromnaya Nunatak (Fig. 3.17). The postprocessing
was done using the software GrafNetTM and GrafNavTM after downloading the precise
ephemerides some weeks after the ﬂights. The exact positions of the reference stations
were calculated using GrafNetTM and available data of GPS stations in Antarctica.
These positions and the GPS data recorded by the reference stations were then be
used to process the ﬂight coordinates. For further details of this procedure, the reader
is asked to refer to the substantial geodetic literature dealing with GPS processing.
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Chapter 4.
Publications in scientiﬁc journals
This thesis is based four contributions to scientiﬁc journals. Three articles have been
written by the author of this thesis as ﬁrst author of the publication, being co-author
for the fourth article. This chapter gives an overview about the four articles and the
contribution that the author made to each of them.
4.1. "The crustal structure of the Central Mozambique
continental margin – wide-angle seismic, gravity and
magnetic study in the Mozambique Channel, Eastern
Africa"
Authors: Volker Thor Leinweber, Frauke Klingelhoefer,
Sönke Neben, Christian Reichert, Daniel Aslanian,
Luis Matias, Ingo Heyde, Bernd Schreckenberger
and Wilfried Jokat
Journal: The manuscript has been submitted
to Tectonophysics
The manuscript presents the results of velocity, gravity and magnetic modelling along
two new wide-angle seismic proﬁles across the Central Mozambique continental margin.
The data were acquired in the Mozambique Channel in 2007 by the French Research
Vessel Marion Dufresne during a cruise, organized in cooperation mainly between the
German AWI, the German BGR and the French IFREMER. The ﬁrst author of the
manuscript did not attend the cruise himself. Christian Reichert has been the cruise
leader of one leg. Sönke Neben and Wilfried Jokat occupied themselves with the seismic
reﬂection data acquisition. Frauke Klingelhoefer supervised the wide-angle seismic
measurements. Ingo Heyde was responsible for the gravity measurements and Bernd
Schreckenberger acquired the magnetic data. Luis Matias was leading the MoBaMaSis
onshore team, setting up and operating the seismic land stations in Mozambique. Apart
from the ﬁrst basic processing steps connected to the data acquisition during the cruise,
all processing and interpretation of the seismic refraction data was done by the author
of this thesis. All models, calculations and interpretations, presented in the manuscript,
were done by him as well. He created all ﬁgures and wrote the text of the manuscript.
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Wilfried Jokat and Frauke Klingelhoefer supervised the scientiﬁc work and contributed
to the text as co-authors by proofreading and in a small scale by text propositions.
4.2. "Is there continental crust underneath the Northern Natal
Valley and the Mozambique Coastal Plains?"
Authors: Volker Thor Leinweber and Wilfried Jokat
Journal: The article is published in
Geophysical Research Letters
[Leinweber and Jokat , 2011] © AGU
The article presents the results of an extensive marine magnetic and gravimetric sur-
vey across the Mozambique Ridge and the Northern and Southern Natal Valley in
2009 with the Dutch Research Vessel Pelagia. The cruise was part of the AISTEK III
project, carrying forward the potential ﬁeld measurements on the Mozambique Ridge,
made during the AISTEK II cruise with R/V Sonne in 2005. The author of this thesis
attended the cruise and was concerned with the gravity and magnetic measurement
equipment. He carried out the data processing from the very beginning on board to
the ﬁnal stage and did all the visualization and interpretation work, presented in the
manuscript. The text of the manuscript was written by him, too. Wilfried Jokat, being
the leader of the AISTEK III project, contributed to the manuscript by supervising
the scientiﬁc work and by proofreading and discussing the text with the ﬁrst author.
4.3. "New aeromagnetic data from the western Enderby Basin
and consequences for Antarctic-India break-up"
Authors: Wilfried Jokat, Yoshifumi Nogi
and Volker Thor Leinweber
Journal: The article is published in
Geophysical Research Letters
[Jokat et al., 2010] © AGU
The paper presents systematic aeromagnetic data from the Enderby Basin, Antarc-
tica, which have been acquired in a German-Japanese cooperation with the German
scientiﬁc plane Polar 2 in 2006. The new data set answers the question, whether
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Mesozoic spreading anomalies exist north of the Continent-Ocean-Transition in the
southwestern Enderby Basin. The article presents the data and discusses its implica-
tions for the onset of the breakup between Antarctica and Sri Lanka/India. The text
of the article was written by Wilfried Jokat. The author of this thesis did all the data
processing and visualition as well as the ﬁgures and calculations.
4.4. "The Jurassic history of the Africa-Antarctica Corridor –
new constraints from magnetic data on the conjugate
continental margins"
Authors: Volker Thor Leinweber and Wilfried Jokat
Journal: The manuscript is accepted
by Tectonophysics
This paper deals with new aeromagnetic data from the Astrid Ridge on the Antarctic
continental margin and with the Jurassic breakup history of East- and West-Gondwana.
The author of this thesis was a member of the ﬁeld team, which carried out the mea-
surement ﬂights with the AWI scientiﬁc plane Polar 5 in 2009/2010 in Antarctica. He
did all the data processing of the magnetic and GPS-data from the ﬁrst steps in the
ﬁeld to the ﬁnal visualisation. All ﬁgures and models as well as the data compilations
and the interpretations, presented in the manuscript, were done by himself. The text
was written by him as well. Wilfried Jokat supervised the research and contributed to
the manuscript by proofreading.
Thus, each publication deals with one region and presents new data and interpre-
tations. The ﬁrst concentrates on the Central Mozambique Continental margin, the
second one on the Mozambique Ridge and the Natal Valley. The third presents data
from the Enderby Basin, Antarctica and the fourth manuscript deals with new data
from the Astrid Ridge and the Riiser-Larsen Sea. To connect the publications and
to add the newly gathered pieces to the big Gondwana puzzle, one special focus of
this study was the compilation of a reﬁned model for the breakup of West- and East-
Gondwana. This has been done in the second part of the fourth publication. Thus,
the thesis covers a wide array from the acquisition of diﬀerent kinds of geophysical
data sets over their regional interpretation to the consequences for the kinematic his-
tory between the continents, resulting from the ﬁndings on the Antarctic and African
continental margins.
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Chapter 5.
The crustal structure of the Central Mozambique
continental margin - wide-angle seismic, gravity and
magnetic study in the Mozambique Channel, Eastern
Africa
Leinweber, V.1, Klingelhoefer, F.2, Neben, S.3,
X
, Reichert, C.3, Aslanian, D.2,
Matias, L.4, Heyde, I.3, Schreckenberger, B.3, Jokat, W.1
1Alfred-Wegener Institut für Polar- und Meeresforschung, Bremerhaven
2Institut français de recherche pour l’exploitation de la mer (IFREMER), Brest
3Bundesanstalt für Geowissenschaften und Rohstoﬀe (BGR), Hannover
4Centro de Geofí´sica da Universidade de Lisboa (CGUL)
5.1. Abstract
The continental margin of Mozambique formed during the initial dispersal of Gond-
wana about 180 Ma. Due to the lack of deep seismic and dense potential ﬁeld data,
many details of the timing and geometry of the early breakup in this region remained
unknown to date. To close this gap in knowledge, a research project (MoBaMaSis,
("Mozambique Basin Marine Seismic Survey") with the French research vessel R/V
Marion Dufresne II was conducted in 2007. This paper presents the results of P-wave,
magnetic and 2D-gravity modelling along two parallel seismic refraction proﬁles be-
tween 37° and 41°E, crossing the Mozambique rifted margin. The crust shows the
characteristics of normal to slightly thickened oceanic crust. A lower crustal high-
velocity-body with P-wave velocities of 7.0–7.5 km/s underlies both proﬁles. Its origin
is discussed in the context of upper mantle convection and thermal properties. The
known magnetic anomaly identiﬁcations have been extended to older ages. We postu-
late that the oldest oceanic crust near the Central Mozambique continental margin has
been formed around M41n (166 Ma). Closer to the coast exists a pronounced negative
magnetic anomaly that we interpret to coincide with the continent-ocean transition.
This implies that the position of the continent-ocean-transition is located signiﬁcantly
closer to the shoreline than proposed before.
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5.2. Introduction
The assembly of the supercontinent Gondwana was completed around 500 million
years ago [Sahu, 2000]. Around 300 Ma it merged with other continent masses form-
ing the supercontinent Pangaea. In the Early Jurassic, the landmasses of Gondwana
started to disperse [Jokat et al., 2003; Eagles and König , 2008]. This process was initi-
ated by rifting between the western part of Gondwana (containing South America and
Africa) and the eastern part (containing Antarctica, India, Madagascar, Sri Lanka,
Australia and New Zealand) about 180 Ma.
Numerous publications using various geophysical data sets discuss the general plate
movements of the southern continents since the breakup of Gondwana [Bergh, 1977;
Norton and Sclater , 1979; Martin and Hartnady , 1986; Roeser et al., 1996; Jokat et al.,
2003; Ghidella et al., 2007; Eagles and König , 2008; König and Jokat , 2010]. Mean-
while, the Cenozoic kinematic history between Africa and Antarctica is well constrained
[Bernard et al., 2005], but the pre-breakup ﬁt of the continents and the Jurassic move-
ments after the breakup of Gondwana are still a matter of debate, mainly due to
the lack of high-quality geophysical data for deﬁnining the continent-ocean transition.
Closer to the coast of Mozambique only commercial seismic reﬂection data exist, which
do not provide any constraints on the deep crustal fabric or the position and structure
of the continent-ocean transition. Modern deep seismic sounding data are generally
absent on the conjugate East African and Antarctic margins and potential ﬁeld data
are still sparse. This study aims to reduce this gap of knowledge for the region oﬀ
Central Mozambique, the African end of the Africa-Antarctica corridor, which is the
only stripe of seaﬂoor providing direct evidence of the movements between Africa and
Antarctica since Mesozoic times (Fig. 5.1, inset).
The modern day geographic setting of the study area and a simpliﬁed overview
over the terranes of southern Africa is shown in ﬁgure 5.1. The Mozambique and
Somali basins are the oldest African oceanic basins formed during the initial breakup
of Gondwana. Both basins are separated by the NNW-SSE trending Davie Fracture
Zone, which is considered by many authors as the fossil transform fracture zone, along
which the southward drift of Madagascar from a more northerly position occurred
[Heirtzler and Burroughs , 1971; Bunce and Molnar , 1977; Segouﬁn and Patriat , 1981;
Scrutton et al., 1981; Rabinowitz et al., 1983]. In the northwest of the Mozambique
Channel, south of the Sambesi estuary, a pronounced basement high, the “Beira high”,
is located [Coster et al., 1989]. Oceanwards the subsea Sambesi canyon heads east-
southeast, bending to the south at the Davie Fracture Zone at 20°S.
Onshore, the geology of Mozambique (Fig. 5.1) can be divided into Precambrian
and Phanerozoic terrains, whereby the northern and western central parts are pre-
dominantly constituted of Precambrian rocks [Jamal , 2003]. This region belongs to
the Mozambique Belt, which extends between the Sambesi River and northern Ke-
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nia as part of the East African Orogen [Kröner , 1977]. It is composed of Meso- to
Neo-proterozoic high-grade gneisses, granulites, quartzites, migmatites and granitoides
[Jamal , 2003; Kröner , 1977; Afonso, 1976] and has been reworked in Pan-African
times. The coastal plains covering the southern and eastern central parts of Mozam-
bique represent – including the adjacent continental shelf regions – the largest African
sedimentary basin south of the equator [Förster , 1975; De Buyl and Flores , 1986]. The
basin is limited to the north by the Mozambique Belt, to the north-west by the Pre-
cambrian Zimbabwe (Rhodesian) Craton and to the west by the Kaapval Craton and
the volcanic Lebombo Monocline (Coster et al. [1989], see ﬁgure 5.1). These plains are
blanketed by Phanerozoic sediments [Jamal , 2003].
Figure 5.1. see next page for description
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Figure 5.1. Geographic and tectonic setting of the Mozambique Channel. Major terranes and
physiographic features are labelled. The black lines in the Mozambique Channel mark the position
of our model lines (see ﬁgure 5.2) and their magnetic proﬁle prolongation to the south. Bathymetry
is taken from GEBCO_08 [2003]. The inset in the upper left corner shows the position of the map
in bigger scale as well as the Antarctic-Africa Corridor. The area with question marks indicates
the zone that is in question to directly constrain the movements between Africa and Antarctica,
too. The terranes are digitized after Hansen et al. [2009], Nguuri et al. [2001], Sahu [2000] and
CGS [2000]. Red colours mark the Karoo continental ﬂood basalts. Rivers and lakes are painted in
blue. The pronounced magnetic anomaly pattern in South Africa is drawn in black. Precambrian
and Archean terranes are painted in diﬀerent shades of grey to distinguish them. The thin black
lines in the Mozambique Channel mark the MoBaMaSis seismic refraction proﬁles used in the study
with its southward magnetic proﬁle pro-longations. Abbrevations: ABFZ: Andrew Bain Fracture
Zone; AFZ: Agulhas Fracture Zone; AP: Agulhas Plateau; BA: Beattie Magnetic Anomaly; BdI:
Bassas da India; BH: Beira High; CFB: Cape Fold Belt; Com: Comores; DFZ: Davie Fracture Zone;
GB: Gariep Belt; KB: Karoo Basalts; KC: Kaapvaal Craton; KhB: Kheiss Belt; LB: Limpopo Belt;
LM: Lebombo Monocline; MaB: Magondi Belt; MAD: Madagascar; MB: Mozambique Basin; MC:
Mozambique Channel; MCP: Mozambique Coastal Plains; MFZ: Mozam-bique Fracture Zone; MozB:
Mozambique Belt; MR: Madagascar Ridge; MSM: Mateke-Sabi-Monocline; MZR: Mozambique Ridge;
NNB: Namaqua-Natal Belt; NNV: Northern Natal Valley; RT: Rehoboth Triangle; Sa: Sambesi; SB:
Somali Basin; SC: Sambesi Canyon; SNV: Southern Natal Valley; SWIR: South-west Indian Ridge;
TB: Transkei Basin; ZB: Zambezi Belt; ZC: Zimbabwe Craton.
The rifting in the study area during the Gondwana breakup was accompanied by
massive volcanism, which formed the continental Karoo ﬂood basalts in Africa and the
Ferrar ﬂood basalts in Antarctica [Jourdan et al., 2005; Cox , 1992]. The most promi-
nent parts of the continental Karoo ﬂood basalts along the eastern African margin are
the Lebombo and Mateke-Sabi monoclines forming the northern and western termi-
nation of the Mozambique Coastal Plains (Fig. 5.1). In a smaller scale, rift related
Mesozoic magmatism can also be found at the coast of central-northern Mozambique
[Tectonic Map of Mozambique, Scale 1:2.000.000, 2001]. Jourdan et al. [2005] report
that the majority of Karoo ﬂood basalts were emplaced between ca. 184 and 178 Ma.
In Antarctica, radiometrical dating of the conjugate Ferrar basaltic province (183.6
±1.0 Ma, [Encarnación et al., 1996]) resulted in dates, which are roughly comparable
to those of the Karoo basalts, though the Ferrar basalts erupted over a shorter time
interval.
Oﬀshore, the ﬁrst seismic reﬂection studies in the Mozambique Channel took place
in the early 70s [Beck and Lehner , 1974; Heirtzler and Burroughs , 1971; Lort et al.,
1979; Lafourcade, 1984; De Buyl and Flores , 1986; Fortes and Kihle, 1983; Virlogeux ,
1987; Mougenot et al., 1986]. The earliest identiﬁcation of east-west-trending magnetic
spreading anomalies in the Mozambique Basin was reported by Segouﬁn [1978] and
Simpson et al. [1979], describing the seaﬂoor spreading from chron M0r to M22. Based
on a denser and extended new ship-towed magnetic data set [Jokat , 2006], König and
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Jokat [2010] generally conﬁrmed these chron identiﬁcations and extended it up to
M26n.4n as oldest magnetic anomaly in the Mozambique Basin close to 22°S 37.4°E
and M22r as oldest anomaly in the area north of the island of Bassas da India (Fig.
5.1). However, the latter authors could not map the magnetic ﬁeld closer to the coast
of Central Mozambique, since their survey terminated at 21°S. Thus, the nature of
around 440 km of crust between their oldest identiﬁcations and the shoreline in the
north remained unknown.
This paper presents the ﬁrst deep seismic sounding proﬁles using ocean bottom
receiver stations across the rifted margin of Central Mozambique. Additionally, we
present 2D-gravity models along these proﬁles and a magnetic model based on new
identiﬁcations of seaﬂoor spreading anomalies in the northern part of the Mozambique
Channel.
5.3. Data acquisition and Processing
From 15th September to 26th October 2007, the MoBaMaSis survey (“Mozambique
Basin Marine Seismic Survey”) was conducted with the French research Vessel N/O
Marion Dufresne II as a collaborative eﬀort between BGR (Bundesanstalt für Geowis-
senschaften und Rohstoﬀe, Germany), IFREMER (Institut français de recherche pour
l’exploitation de la mer, France), IPEV (Institut Paul Emile Victor, France) and AWI
(Alfred-Wegener-Institut, Germany). Two seismic refraction proﬁles were acquired oﬀ-
shore Mozambique [Reichert and Neben, 2008]. The proﬁle set-up is shown in ﬁgure
5.2. Both proﬁles were extended landwards onto Mozambique using portable land sta-
tions by the MoBaMaSis Terra team. An airgun array composed of eight G-Guns with
a total volume of 67.2 l (4100 cu.in.) was used as seismic source. In total, 2684 shots
were ﬁred with an interval of 60 s and a mean distance of 152 m between the shot
points along proﬁle 20070201. Along proﬁle 20070202, 1268 shots were ﬁred with the
same interval and a mean shot distance of 171 m.
Three types of ocean bottom instruments and two types of land stations were used.
On the proﬁle 20070201, 11 OBS (Ocean Bottom Seismometer) and 24 MicrOBS (Micro
Ocean Bottom Seismometer) were deployed. On land, four 3-channel REFTEK land
stations (each with 3 strings with 6 geophones per channel, resulting in 54 geophones
per station) and four 3-component HATHOR-3 seismic station of the French manufac-
turer LEAS (one seismometer per station) were used. Proﬁle 20070202 consisted of 8
OBS, 3 ocean bottom hydrophones (OBH), ﬁve REFTEK and four LEAS seismic land
stations. The land stations recorded the seismic data with a sampling rate of 100 Hz,
the OBS, OBH and MicrOBS with a sampling rate of 250 Hz. The entire length (dis-
tance between the southernmost shot and the northernmost landstation) was 528 km
for proﬁle 20070201 and 365 km for proﬁle 20070202 (Fig. 5.2). The receiver spacing
along both proﬁles varied on- and oﬀshore between 10 and 18 km.
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Figure 5.2. Model geome-
try of seismic refraction pro-
ﬁles 20070201 (eastern pro-
ﬁle) and 20070202 (west-
ern proﬁle). Yellow circles
mark Ocean Bottom Seis-
mometer (OBS) or Ocean
Bottom Hydrophones (OBH),
orange circles mark MicrOBS
(MO). Yellow triangles mark
REFTEK seismic land sta-
tions and orange circles mark
LEAS seismic land stations.
Contour lines are drawn after
GEBCO_08 [2003].
After standard data processing, the ocean bottom instruments were relocated by
adjusting their position until the shape of the direct wave was symmetrical. The geo-
phone channels of the REFTEK stations were ﬁltered using a zero phase Butterworth
ﬁlter and stacked. The data of all receiver stations were then uniformly ﬁltered with
a bandpass ﬁlter (corner frequencies 3-5-24-36 Hz). For display, the seismic data were
reduced using a velocity of 8 km/s. The data quality of the oﬀshore and onshore sta-
tions was in general good to excellent. Onshore, the stacked REFTEK data provided
a better signal to noise ratio than the LEAS data.
A 3000 m digital streamer with 240 channels was used to record coincident seismic
reﬂection data. Magnetic data were continously acquired with a SeaSpyTM Gradiometer
system consisting of two Overhauser magnetometer sensors and a Magson ﬂuxgate
sensor in between. The SeaSpy system was towed up to 1000 m behind the ship with
a distance of 150 m between the two Overhauser sensors [Reichert and Neben, 2008].
Gravity data were recorded continuously using both a KSS31M sea gravimeter from
BGR and the Micro-g LaCoste Air-Sea gravity meter permanently installed on R/V
Marion Dufresne II [Reichert and Neben, 2008].
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5.4. Modelling
5.4.1. Magnetic data
Trying to extend the anomaly identiﬁcations of König and Jokat [2010], we compiled
the data of the AISTEK II cruise [Jokat , 2006] together with the MoBaMaSis magnetic
data set as well as old ship data from the NGDC database, and re-picked the anomalies.
Table 5.1 lists information about all lines used in this study. In order to make the data
comparable, constant values were added to the magnetic data of the proﬁles as listed.
For some older proﬁles from the NGDC database, this value was quite high due to a
very low zero level of the magnetic data. For unknown reason, the MoBaMaSis data are
generally characterised by a low zero level, too [Reichert and Neben, 2008]. We used
the dates and notations of the magnetic reversal timescale of Gradstein et al. [2004].
The identiﬁcation of spreading anomalies in Jurassic times is generally hampered by
the strong decrease of the amplitudes within the "Jurassic Quiet Zone" [McElhinny
and Larson, 2003; Tivey et al., 2006]. Thus, picking the minima and maxima of the
magnetic anomalies and referring to the mean ages of the younger and older anomaly
ends in the timescale seemed more precise to us. Magnetic modelling was conducted
using the Matlab based program ModMag [Mendel et al., 2004].
5.4.2. Wide-angle seismic data
The wide-angle seismic data were forward modelled using the 2D-raytracing soft-
ware RAYINVR [Zelt and Smith, 1992]. For the model geometry set up, straight lines
between the ﬁrst and the last shot points were taken and extrapolated onshore. The
perpendicularly projected positions of the land stations and of the relocated OBS onto a
straight model line were used as model station locations. Onshore, it was often not pos-
sible to ﬁnd suitable locations in direct prolongation of the shot lines due to the lack of
major roads. This results in larger perpendicular distances between the model lines and
the real positions of some receiver stations. The ﬁnal model lines were chosen to extend
the northernmost station and the southernmost shot position equally by 11 km for pro-
ﬁle 20070201 and by 17.5 km for proﬁle 20070202, resulting in a model line length of 550
km for proﬁle 20070201 and of 400 km for proﬁle 20070202 (Fig. 5.2). The software ZP
of B.C. Zelt (http://www.soest.hawaii.edu/users/bzelt/zp/zp.html) was used for picking
the P-wave travel time arrivals. From the OBS and MicrOBS the hydrophone channel
was chosen for modelling, because of its superior quality. The vertical component was
also taken into consideration, where it provided more details. Seismic reﬂection data
acquired parallely along the lines [Reichert and Neben, 2008] were used to provide ad-
ditional indications for the depths of layer boundaries in the P-wave models.
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Code Line name Ship Year Data shift [nT]
Aa MD163_20070201 Marion Dufresne II 2007 + 25
Ab MD163_20070202 Marion Dufresne II 2007 + 25
Ac MD163_20070203 Marion Dufresne II 2007 + 30
Ad MD163_20070206 Marion Dufresne II 2007 + 50
Ae MD163_20070208 Marion Dufresne II 2007 + 75
Af MD163_200702M1 Marion Dufresne II 2007 + 25
Ag MD163_200702M4 Marion Dufresne II 2007 + 30
Ah MD163_200702M5 Marion Dufresne II 2007 + 25
Bb SO283-P07 Sonne 2005 + 40
Bc SO283-P08 Sonne 2005 + 40
Bd SO283-P09a Sonne 2005 + 40
Be SO283-P09b Sonne 2005 + 40
Bf SO283-P10 Sonne 2005 + 40
Bg SO283-P11 Sonne 2005 + 40
Bh SO283-P12a Sonne 2005 + 40
Bi SO283-P12b Sonne 2005 + 40
Bj SO283-P13 Sonne 2005 + 40
Bk SO283-P14 Sonne 2005 + 40
Bl SO283-P15 Sonne 2005 + 40
Bm SO283-P16 Sonne 2005 + 40
Bn SO283-P17 Sonne 2005 + 40
Bo SO283-P18 Sonne 2005 + 40
Bp SO283-P19 Sonne 2005 + 40
Bq SO283-P20 Sonne 2005 + 40
Ca LUSI7DAR ARGO 1963 + 20
Cc V1911 Vema 1963 + 75
Cd V3619 Vema 1980 + 450
Ce V3501 Vema 1978 + 448
Cf TD267 Thomas B. Davie 1971 + 300
Cg DSDP25GC Glomar Challenger 1972 + 410
Ci MDU02 Marion Dufresne I 1973 + 45
Cj MDU02 Marion Dufresne I 1973 + 50
Ck MDU02 Marion Dufresne I 1973 + 45
Cl MDU07 Marion Dufresne I 1975 + 75
Cm MDU07 Marion Dufresne I 1975 + 45
Cn MDU07 Marion Dufresne I 1975 + 45
Table 5.1. Used ship tracks for magnetic anomaly identiﬁcations with line code, line name, operating
ship, year of the cruise and constant shift value applied to the data before analysing and displaying.
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Proﬁle 20070201 Proﬁle 20070202
Phase
ID
Number of
stations
Mean value of
assigned picking
error (calc. over
all stations) [s]
Phase
ID
Number of
stations
Mean value of
assigned picking
error (calc. over
all stations) [s]
12 29 0.050 12 11 0.055
31 26 0.057 31 11 0.059
32 26 0.089 32 9 0.092
41 12 0.050 41 10 0.060
42 12 0.148 42 8 0.100
51 17 0.059 51 7 0.061
52 13 0.104 52 5 0.100
61 29 0.072 61 11 0.071
62 5 0.095 62 10 0.095
71 28 0.097 71 8 0.100
72 29 0.112 72 10 0.113
81 27 0.087 81 11 0.091
82 4 0.075 82 5 0.110
85 7 0.139 85 9 0.061
91 36 0.100 91 19 0.107
92 35 0.118 92 18 0.124
99 11 0.111 99 13 0.133
Table 5.2. Phase identiﬁcation numbers, numbers of receiver stations, for which the according phase
was identiﬁed and mean values of assigned picking errors for every phase, calculated over all stations,
where the phase occurred
Picking errors between 50 and 200 ms (see table 5.2 for mean values) were individually
assigned to each phase of every station depending on the signal to noise ratio. The
phases were assigned to model layers as listed in table 5.3a,b. Pw marks the reﬂection
on the seabed. To model the ﬁrst refracted phases, it was necessary to introduce an
uppermost sediment layer, which is not directly constrained by identiﬁed reﬂected or
refracted phases. P2P to P5P mark reﬂections on deeper layers, which are interpreted
as sediment layers. Pg2-Pg5/Pg7 phases represent waves, which are refracted in sed-
iment layers. The phase, which represents waves travelling through the upper crustal
layer of the onshore part of the proﬁles, is labeled Pc1a. Pc1bP and Pc2P are the
reﬂections on top of the upper and lower crust. Pc1b and Pc2 phases represent waves,
which are refracted in the upper or lower crustal layer of oceanic or transitional crust.
PmP is the Moho-reﬂection and the phase, which is refracted in the uppermost mantle,
is labelled Pn.
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Layer of velocity model
20070201
reﬂected
wave on top
of layer
Phase
identi-
ﬁcation
number
refracted
wave in
layer
Phase
identi-
ﬁcation
number
Layer 1 & 2: ﬁrst (unconstraint)
sediment layer and second
sediment layer
Pw (on top of
Layer 1)
12 Pg1 (in
Layer 2)
31
Layer 3A: third sediment layer A P2aP 32 Pg2a 41
Layer 3B: third sediment layer B P2bP 32 Pg2b 51
Layer 4: fourth
sediment layer
P3Pa (through
layer Pg2a)
42
Pg3 61
P3Pb (through
layer Pg2b)
52
Layer 6: sixth sediment layer P5P 62 Pg5 71
Upper crust land station Pc1a 85
Upper crust OBS Pc1bP 72 Pc1b 81
Layer : lower crust Pc2P 82 Pc2 91
Layer: igh-velocity-body Pc3P Pc3 91
Layer : upper mantle PmP 92 Pn 99
Table 5.3. Assignment of picked phases (see table 5.2) to model layers: a) Proﬁle 20070201
The identiﬁcation of phases constraining the upper crustal layer oﬀshore proved some-
times complicated, because the apparent small velocity- and density diﬀerences between
the lowermost sediment and uppermost crustal layer result in a low impedance contrast
at the boundary. Here, the combined interpretation of OBS data with the parallely
acquired multichannel seismic data provided excellent constraints for the raytracing.
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Layer of velocity model
20070202
reﬂected
wave on top
of layer
Phase
identi-
ﬁcation
number
refracted
wave in
layer
Phase
identi-
ﬁcation
number
Layer 1 & 2: ﬁrst (unconstraint)
sediment layer and second
sediment layer
Pw (on top of
Layer 1)
12 Pg1 (in
Layer 2)
31
Layer 3: third sediment layer P2P 32 Pg2 41
Layer 4: fourth sediment layer P3P 42 Pg3 51
Layer 5: ﬁfth sediment layer P4P 52 Pg4 61
Layer 6: sixth sediment layer P5P 62 Pg5 75
Layer 6: eigth sediment layer P7P 71 Pg7 71
Upper crust land station Pc1a 85
Upper crust OBS Pc1bP 72 Pc1b 81
Layer : lower crust Pc2P 82 Pc2 91
Layer: high-velocity-body Pc3P Pc3 91
Layer : upper mantle PmP 92 Pn 99
b) Proﬁle 20070202
5.4.3. Gravity data
To simulate the observed free-air gravity from shipboard measurements, we used the
module GMSYS of the Geosoft Oasis montajTM software. The results of seismic ve-
locity modelling were taken as constraining conditions for the 2D density models. The
models base on distinct blocks with assigned constant densities. Starting with layer
boundaries according to those of the P-wave models and typical crustal and sedimen-
tary densities [Nafe and Drake, 1957; Ludwig et al., 1970; Christensen and Mooney ,
1995], we subsequently modiﬁed the models, until reasonable ﬁts of the measured and
calculated free-air anomalies were obtained. The software extends the models on both
sides to avoid edge eﬀects. Therefore, the resulting model-anomalies had to be shifted
by a constant value. The maximum absolute error of the modelled free-air anomaly
was 5.92 mGal for model 20070201 and 3.37 mGal for model 20070202.
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Figure 5.3. Station 24 (MicrOBS) of proﬁle 20070201. The data were bandpass ﬁltered and reduced
using a velocity of 8 km/s. A gain according to oﬀset has been applied
5.5. Results
Data examples of both proﬁles are shown in ﬁgures 5.3 to 5.8. Identiﬁed phases
are marked and labelled (see table 5.3a,b for phase assignments). Figure 5.3 shows
station 24 (MicrOBS) of proﬁle 20070201 (Fig. 5.2). The section is characterised by an
asymmetry between the apparent velocities in the northwestern and the southeastern
travel time branches caused by seaﬂoor topography. The Pn phase, a refracted wave,
turning in the upper mantle, is identiﬁed only in the northwestern part. On both sides,
a gap in the travel time curve of 0.7 s is observed between Pg3 and Pg5 caused by a
low velocity sedimentary layer.
The next example is the southeastern part of station 19 on proﬁle 20070201 (Mi-
crOBS, Fig. 5.4). Several sedimentary phases are readily observed resulting in a larger
number of model layers in the sediment column. Even though detailed modelling of
the sediments is not crucial for our crustal study, the sedimentary part of our models
might provide constraints for future stratigraphic studies.
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Figure 5.4. Detailed view of identiﬁed phases of station 19 (MicrOBS), proﬁle 20070201
Figure 5.5. Seismic land station 08 (LEAS) of proﬁle 20070201. The data were bandpass ﬁltered
and reduced using a velocity of 8 km/s. A gain according to oﬀset has been applied.
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Figure 5.6. Station 08 (OBS) of proﬁle 20070202. The data were bandpass ﬁltered and reduced
using a velocity of 8 km/s. A gain according to oﬀset has been applied
Figure 5.5 shows the land station 08 (LEAS) on proﬁle 20070201. In this seismic
section, two crustal refracted phases (Pc1a and Pc2) as well as the Moho reﬂection
PmP were identiﬁed. Figure 5.6 shows OBS 8 of proﬁle 20070202. Similar to OBS 24
of proﬁle 20070201 (see ﬁgure 5.3), several sedimentary refractions and reﬂections can
be identiﬁed. Both sides show PmP phases and weak Pn mantle refractions. Between
Pg5 and Pg7, a gap in the travel time curve, which is slightly smaller (0.4 s) than at
station 24 of 20070201, is visible in the southeastern part of the seismic record.
Figure 5.7 shows a zoomed portion of OBS 06 on proﬁle 20070202. Here again a
large number of sediment phases is visible, but no indication for a low velocity layer in
the sedimentary column. The seismic land station 14 (Fig. 5.8, REFTEK) of proﬁle
20070202 has an initial oﬀset of 120 km, but shows very clear lower crustal phases. In
addition to the two crustal refraction phases Pc1a and Pc2 and the PmP phase, the
mantle refraction Pn can easily be identiﬁed in the seismic record.
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Figure 5.7. Detailed view of identiﬁed phases of station 06 (OBS), proﬁle 20070202
Figure 5.8. Seismic land station 14 (REFTEK) of proﬁle 20070202. The data were bandpass ﬁltered
and reduced using a velocity of 8 km/s. A gain according to oﬀset has been applied
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Our magnetic anomaly picks are shown in ﬁgure 5.9. The MoBaMaSis magnetic
proﬁle 200702M1 is located at the southern prolongation of proﬁle 20070201 as is the
case for 200702M5 and 20070202. The proﬁles are printed in color in ﬁgure 5.9. The
magnetic proﬁles together with labelled identiﬁed spreading anomalies and magnetic
models are shown in ﬁgure 5.10. Our identiﬁcations conform to those of König and
Jokat [2010] in the northern Mozambique Channel, but we succeeded to extend them to
the north and to the northeast. We identiﬁed the Mesozoic sequence from M11.An.1n
(137.1 Ma) to M33n (159.1) in proﬁle 20070201 and from M22n.1n (149.5 Ma) to M33n
(159.1 Ma) in proﬁle 20070202. From M33n to the coast, the magnetic ﬁeld shows
similar characteristics in both proﬁles: it slowly decreases by 50 nT over a distance of
around 100 km (Fig. 5.10, km 300–200 in 20070201, and km 320–220 in 20070201).
Finally, the magnetic ﬁeld decreases rapidly and passes a pronounced negative
anomaly on both proﬁles, before it sharply increases again (Fig. 5.10, between km
180 and 140 in 20070201, and between km 200 and 175 in 20070202). Both proﬁles
terminate close to the coast of Mozambique. The younger edge of the strong negative
anomaly was picked as M41n (165.6 Ma), although this identiﬁcation is tentative and
rests to some extend on an extrapolation of the spreading velocity at M33n. A fracture
zone crosses proﬁle 20070201 between anomaly M15n and M18n and oﬀsets the north-
ern part of the proﬁle by around 40 km in northern direction. Another fracture zone
crosses proﬁle 20070202 between anomaly M22n.1n and anomaly M23n and produces
an oﬀset of 40 km, but in the opposite (southern) direction (Fig. 5.10). The ﬁt between
the model and the observed magnetic data is good. At some places, the correlation of
the identiﬁed chrons between the two proﬁles is tentative and has to be proved by a
denser magnetic data set.
Figure 5.9. Magnetic proﬁles in Northern Mozambique Channel with picks of magnetic anomalies.
The lines are labelled with identiﬁcation codes, which are listed in table 5.1. The coloured data
are the proﬁles for which the anomalies were modelled in this study (identiﬁcation codes Af/Aa &
Ah/Ab). Positive anomalies are drawn in red, negative ones in blue. For all other data, light gray
marks positive and dark gray marks negative anomalies. The identiﬁed anomalies are listed at the
right side with diﬀerent symbols and colours. The solid red lines are fracture zones corresponding to
our identiﬁcation of the magnetic anomalies. Flowlines after Eagles and König [2008] are drawn with
dashed lines. The dotted line marks the COB location published by Raillard [1990]. Contour lines
are drawn after GEBCO_08 [2003]
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Figure 5.9. see previous page for description
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5.6. Interpretation
5.6.1. Magnetic data
M41n is interpreted as oldest magnetic spreading anomaly in the Mozambique Chan-
nel. This means an age of the oldest crust near the Central Mozambique continental
margin of around 166 Ma. The parameters of our seaﬂoor spreading model (Fig. 5.10)
are listed in table 5.4. The model reveals spreading velocities increasing from older to
younger ages. For proﬁle 20070201, they rise from 15.0 km/Myr at 167 to 28.0 km/Myr
at 149 Ma. For proﬁle 20070202 they increase from 16.0 at 167 Ma to 23.5 km/Myr
at 153.5 Ma. From 167 to 159.6 Ma we found a slightly slower spreading half rate for
20070201 than for 20070202 (15.0 km/Myr versus 16.0 km/Myr) and a higher spread-
ing rate between 159.6 and 153.5 Ma (19.5 versus 16.0 km/Myr). Our spreading rates
are comparable to those of König and Jokat [2010], who found spreading half-rates of
23.5 km/Myr from M26n.1n (155 Ma) to M22n.1n (149 Ma), and of 21 km/Myr from
M22n.1n (149 Ma) to M12.r.1r (138 Ma) in the area south of Bassas da India.
20070201 20070202
Timespan [Ma] Proﬁle
distance
[km]
Spreading
halfrate
[km/Myr]
Proﬁle
distance
[km]
Spreading
halfrate
[km/Myr]
167.0 - 159.6 190 - 295 15.0
210 - 415 16.0
159.6 - 153.5 295 - 416 19.5
153.5 - 149.0 416 - 519 23.5 415 - 480
23.5
/ 519 - 544
149.0 - 141.0 519 - 625 22.0
141.0 - 134.0 661 - 758 28.0
Table 5.4. Seaﬂoor spreading episodes in our magnetic model with according spreading half-rates
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5.6.2. P-wave and gravity models
All picks of the land and OBS stations are shown with the modelled travel time ar-
rivals in ﬁgure 5.11. The number of picks, the root-mean-square error of the modelling
and the percentage of successfully traced picks are given in table 5.5 for both proﬁles.
The normalized χ2-value is based on the chosen error for each pick (Table 5.5). About
93% of the picks of arrivals in model 20070201 and about 90 % of the picks in model
20070202 were successfully traced. The values of the RMS traveltime residual indicate
a good ﬁt between the modelled and picked arrivals. The ray coverage with refracted
and reﬂected rays traced is good for all sedimentary and crustal layers in both proﬁles
(Fig. 5.12). In both models, only the uppermost region of the mantle is covered by
rays. The continental crustal layers are less well constrained due to the absence of
reversed shots. The model terminations are not constrained by rays.
Phase (rayinvr-code of
phase)
Picks Success-
fully traced
picks
Success-
fully traced
picks [%]
RMS
[s]
χ2
Pw (1.2) 5550 5532 99.7 0.018 0.125
Pg1 (3.1) 1364 1319 96.7 0.042 0.641
P2aP & P2bP (3.2) 3354 3059 91.2 0.101 1.081
Pg2a (4.1) 1179 1154 97.9 0.060 1.441
P3Pa (4.2) 2470 2300 93.1 0.086 0.397
Pg2b (5.1) 1176 1053 89.5 0.055 0.961
P3Pb (5.2) 2787 2302 82.6 0.073 0.575
Pg3 (6.1) 3064 3004 98.0 0.046 0.395
P5P (6.2) 269 267 99.3 0.071 0.573
Pg5 (8.1) 2724 2162 79.4 0.050 0.415
Pc1bP (8.2) 5393 5356 99.3 0.059 0.295
Pc1b (9.1) 1231 1133 92.0 0.046 0.310
Pc2P (9.2) 143 60 42.0 0.038 0.144
Pc1a (10.1) 570 543 95.3 0.063 0.186
Pc2 & Pc3 (11.1 & 12.1) 9919 9243 93.2 0.061 0.367
Pc3P & PmP (11.2 & 12.2) 10421 9390 90.1 0.057 0.247
Pn (13.1) 1009 878 87.0 0.086 0.587
Total 52623 48755 92.7 0.061 0.416
Table 5.5. Quality of raytracing and modelling errors: a) Proﬁle 20070201
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We performed error estimations of the modelled layer velocities and the depth of the
layer boundary nodes following the method of Barton and White [1997]. A boundary
or a velocity node was perturbed until the resulting ﬁt between observed and calculated
phase was no longer acceptable considering the picking error. The perturbation was
then taken as the model error for that node. This was performed for some represen-
tative depth and velocity nodes of each layer. Comparison to other nodes of the same
layer allowed us to determine the precision of the complete model layer (Table 5.6).
The resolution of the model was calculated following the method of Zelt and Smith
[1992] and is presented in ﬁgure 5.13. The resolution is expressed by values between
zero and one, with a value of one indicating a very good resolution. The white bars
represent the model layer uncertainties as listed in table 5.6.
Phase (rayinvr-code of
phase)
Picks Success-
fully traced
picks
Success-
fully traced
picks [%]
RMS
[s]
χ2
Pw (1.2) 1387 1384 99.8 0.018 0.132
Pg1 (3.1) 319 303 95.0 0.042 0.606
P2P (3.2) 709 555 78.3 0.059 0.399
Pg2 (4.1) 510 510 100.0 0.036 0.422
P3P (4.2) 969 748 77.2 0.071 0.509
Pg3 (5.1) 243 191 78.6 0.037 0.515
P4P (5.2) 403 310 76.9 0.125 1.566
Pg4 (6.1) 839 801 95.5 0.041 0.399
P5P (6.2) 768 739 96.2 0.060 0.417
Pg5 (7.1) 1127 1054 93.5 0.052 0.420
Pg7 & P7P (9.1 & 8.2) 429 344 80.2 0.056 0.424
Pc1a (11.1) 1059 950 89.7 0.097 0.948
Pc1bP (9.2) 2091 1950 93.3 0.058 0.303
Pc1b (10.1) 1109 1010 91.1 0.066 1.039
Pc2P (10.2) 208 108 51.9 0.070 0.320
Pc2 & Pc3 (12.1 & 13.1) 4029 3653 90.7 0.081 0.590
Pc3P & PmP (12.2 & 13.2) 4425 4087 92.4 0.102 0.822
Pn (14.1) 936 763 81.5 0.132 1.331
Total 21560 19460 90.3 0.079 0.621
b) Proﬁle 20070202
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Figure 5.11. All stations with picked arrivals (shown as black error bars) and modelled arrivals
(yellow): a) Proﬁle 20070201, part 1
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a) Proﬁle 20070201, part 2
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b) Proﬁle 20070202, part 2
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Figure 5.12. Ray coverage in the P-wave models
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Layer density Type Max.
thickn.
[km]
P-wave
vel.
[km/s]
Main
density
[g/cm3]
Upper
bound.
uncer-
tainty
[km]
Velocity
uncer-
tainty
[km/s]
Water layer water 2.9 1.5 1.03 ±0.0 ±0.01
Sediment layer 1 sed. 0.9 1.5-2.0 1.95 ±0.05 ±0.1
Sediment layer 2 sed. 2.0 2.4-2.9 2.15 ±0.1 ±0.1
Sediment layer 3A sed. 1.9 3.0-3.5 2.44 ±0.1 ±0.1
Sediment layer 3B sed. 2.4 2.9-4.0 2.42
-2.50
±0.1 ±0.1
Sediment layer 4 sed. 2.7 4.0-4.7 2.57 ±0.1 ±0.1
Sediment layer 5 sed. 1.0 4.0 2.56 ±0.2 ±0.1
Sediment layer 6 sed. 2.4 4.5-5.0 2.60 ±0.2 ±0.1
Upper crust onshore cont. 5.5 5.7-6.3 2.65 ±0.1 ±0.1
Middle crust onshore cont. 24.0 6.2-6.7 2.88 ±2.0 ±0.1
Upper crust oﬀshore trans./
oc.
1.6 5.6-6.2 2.70 ±0.5 ±0.1
Lower crust cont./
trans./
oc.
9.0 6.4-7.0 2.80
-2.99
cont.:±1.0
trans./oc.:
±0.5
±0.1
high-velocity-body und. /
serp.
8.0 7.0-7.5 3.03
-3.20
±0.5 ±0.1
Upper mantle mantle - 8.0-8.1 3.27 ±1.0 ±0.1
Table 5.6. Model properties: a) Proﬁle 20070201
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Layer density Type Max.
thickn.
[km]
P-wave
vel.
[km/s]
Main
density
[g/cm3]
Upper
bound.
uncer-
tainty
[km]
Velocity
uncer-
tainty
[km/s]
Water layer water 2.6 1.5 1.03 ±0.0 ±0.01
Sediment layer 1 sed. 0.9 1.5 - 2.3 1.95 ±0.05 ±0.1
Sediment layer 2 sed. 0.8 2.3 - 2.6 2.14 ±0.1 ±0.1
Sediment layer 3 sed. 1.8 2.6 - 3.2 2.41 ±0.1 ±0.1
Sediment layer 4 sed. 1.8 3.1 - 3.7 2.41 ±0.1 ±0.1
Sediment layer 5 sed. 2.4 3.4 - 4.5 2.56 ±0.1 ±0.1
Sediment layer 6 sed. 1.3 4.5 - 4.9 2.59 ±0.2 ±0.1
Sediment layer 7 sed. 0.9 4.4 - 4.7 2.58 ±0.2 ±0.1
Sediment layer 8 sed. 2.6 4.6 - 5.0 2.63 ±0.2 ±0.1
Upper crust onshore cont. 4.7 5.6 - 6.3 2.65 ±0.1 ±0.1
Middle crust onshore cont. 32.0 6.2 - 6.7 2.88 ±2.0 ±0.1
Upper crust oﬀshore trans./
oc.
1.5 5.7 - 6.1 2.65
-2.74
±0.5 ±0.1
Lower crust cont./
trans./
oc.
8.0 6.4 - 7.0 2.93
-3.12
cont.:±1.0
trans./oc.:
±0.5
±0.1
high-velocity-body und. /
serp.
7.0 7.0 - 7.4 2.96
-3.20
±0.5 ±0.1
Upper mantle mantle - 8.1 3.27 ±1.0 ±0.1
b) Proﬁle 20070202
59
The crustal structure of the Central Mozambique continental margin - wide-angle
seismic, gravity and magnetic study in the Mozambique Channel, Eastern Africa
Figure 5.13. Resolution
of the P-wave models.
The resolution value of
one indicates a very good
resolution, zero means no
ray coverage at all. The
white bars represent the
uncertainty of the model
layers depth nodes as
listed in table 5.6.
Proﬁle 20070201, northeastern proﬁle
The ﬁnal velocity model of proﬁle 20070201 together with the observed magnetic
and gravity data is shown in ﬁgure 5.14. We will not discuss the sedimentary column
of the model in greater detail in this contribution. The model layer velocities and
maximum thicknesses as well as the assigned densities are summarized in table 5.6a.
It is important to note that based on travel time gaps in eight OBS record sections
(OBS 18–25 and OBS 23A) a low velocity layer in sedimentary column has been mod-
elled. Ray theory does not provide any constraints for the interval velocity of this layer,
so we chose a constant velocity of 4.0 km/s, which is slightly lower than the lowermost
velocity at the lower boundary of the layer above. The thickness of the low velocity
layer ranges from 0.2 km to 1.0 km (Fig. 5.14, around km 230). Below the layer,
the last sedimentary unit above the acoustic basement was identiﬁed. Here, velocities
range from 4.5 km/s to 5.0 km/s. The shallow velocities of the onshore part of the line
could not be determined by the proﬁle layout. The minimum initial oﬀset between the
airgun shot and the receiver station closest to the coast was 50 km. No dynamite shots
in Mozambique were ﬁred. However, from onshore geological mapping no signiﬁcant
sediments except of a small coastal stripe [Republic of Mozambique and Energy , 2001;
De Buyl and Flores , 1986; Jamal , 2003] are reported. Mostly, Precambrian rocks were
mapped at the surface in our research area. The small coastal sediment units were nei-
ther included in the P-wave nor in the gravity models, because the region in question
was not constrained by rays and no detailed information about the shape and thickness
of the sediment basin was available for this study. The uppermost P-wave model layer
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in the onshore part of the model has upper continental crust velocities ranging between
5.7 and 5.8 km/s and lower boundary velocities between 6.0 km/s and 6.3 km/s. The
maximum thickness is 5.5 km. A model layer with a maximum thickness of 26 km
represents the middle continental crust. It has upper velocities of about 6.2 km/s and
lower velocities around 6.7 km/s, decreasing to 6.3 km/s when approaching the edge
of the layer at km 140.
Oﬀshore, the uppermost crustal layer thickness ranges between 1.0 and 1.6 km.
The layer has velocities between 5.6 and 6.0 km/s at its upper and between 5.9 and
6.2 km/s at its lower boundary. The lower crust shows upper boundary velocities
varying laterally from 6.7 km/s beneath the continent to 6.4 km/s seawards. The lower
boundary velocity of the layer is uniformly 7.0 km/s. In a large part of the model the
lower crust is underlain by a high-velocity-body (HVB), deﬁned by an upper boundary
velocity of 7.0 km/s. These high velocities are constrained by ﬁrst onsets of a continuous
refracted phase, which was subdivided in phase Pc2 (velocities up to 7.0 km/s) and Pc3
(velocities higher than 7.0 km/s). The lower boundary velocity of the HVB reaches its
maximum of 7.5 km/s around km 180 but the major portion of the HVB has velocities
between 7.0 and 7.3 km/s. Its maximum thickness is 8 km near the shelf edge at km
150, thins to the south and and pinches out at km 450. The upper mantle has velocities
of 8.0—8.1 km/s. The Moho has signiﬁcant variations at km 300 and around km 440.
The results of the gravity modelling of proﬁle 20070201 are shown in the lower part
of ﬁgure 5.14. For modelling, only the gravity data acquired during the MoBaMaSis
cruise were used. Since we had no constraints on the subsurface geology on land, we
excluded this part of the velocity model from our detailed gravity modelling and chose
a simple density distribution for it (Fig. 5.14): 2.65 g/cm3 for the upper, 2.88 g/cm3
for the middle and 2.94 g/cm3 for the lower continental crust. These values are in good
agreement with typical density-values for continental crust [Christensen and Mooney ,
1995]. To ﬁt the strongly increasing free-air anomaly between km 120 and 140 (Fig.
5.14) bodies with increased densities of 2.75 g/cm3 for the upper and of 2.95 g/cm3
for the middle continental crust were introduced. Oﬀshore, the sedimentary densities
range from 1.95 g/cm3 near the seaﬂoor downwards increasing to 2.60 g/cm3 above the
top of the acoustic basement. The upper oﬀshore crust was assigned with a density of
2.70 g/cm3. The lower crust was modelled between km 90 and 235 with a density of
2.99 g/cm3, with a density of 2.90 g/cm3 from km 240–440 and of 2.80 g/cm3 from km
440 to 550. The HVB has been divided in several density blocks, ranging from 3.03
to 3.20 g/cm3. These changes correlate roughly to the velocity distribution inside the
high-velocity-body (7.0–7.5 km/s). The mantle was modelled with a density of 3.27
g/cm3. The model densities are summarized in table 5.6a.
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Figure 5.14. P-wave and 2D-density model for proﬁle 20070201. The magnetic anomaly ﬁeld is
shown in the upper panel with signiﬁcant identiﬁed chrons. Question marks are assigned to the area,
where no spreading anomalies could be identiﬁed. The panel below shows the P-wave model with
velocity ranges of the model layers. A hatched spot marks the region, where indications for SDRS
exist in the seismic reﬂection data. A white dashed line marks the upper boundary of the acoustic
basement. The observed (black) and modelled (red) free-air gravity is shown in the third panel. The
hatched blue line is the free-air anomaly after Sandwell and Smith [2009] (V18). The lowermost panel
shows the 2D-density model. The densities are written in the block. The upper boundary of the
acoustic basement in the P-wave model is marked with a white dashed line.
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Figure 5.15. P-wave and 2D-density model for proﬁle 20070202. The magnetic anomaly ﬁeld is
shown in the upper panel with signiﬁcant identiﬁed chrons. Question marks are assigned to the area,
where no spreading anomalies could be identiﬁed. The panel below shows the P-wave model with
velocity ranges of the model layers. A hatched spot marks the region, where indications for SDRS
exist in the seismic reﬂection data. A white dashed line marks the upper boundary of the acoustic
basement. The observed (black) and modelled (red) free-air gravity is shown in the third panel. The
hatched blue line is the free-air anomaly after Sandwell and Smith [2009] (V18). The lowermost panel
shows the 2D-density model. The densities are written in the block. The upper boundary of the
acoustic basement in the P-wave model is marked with a white dashed line.
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Proﬁle 20070202, southwestern proﬁle
The ﬁnal velocity model of proﬁle 20070202 together with the observed magnetic
and gravity data is shown in ﬁgure 5.15. As in model 20070201, a low velocity layer
is present in the sediments. This sediment layer 7 was assigned with a maximum
thickness of 0.9 km and velocities of 4.4, locally up to 4.7 km/s. Sediment layer 8
beneath (directly above the acoustic basement) has upper boundary velocities between
4.6 and 4.9 km/s and lower boundary velocities between 4.7 and 5.0 km/s, which are
very similar to the upper crustal velocity. A distinction of both units was made in
combination with the multichannel seismic data. Similar to line 20070201 a simple
velocity distribution was chosen onshore because of the lack of detailed information:
• upper continental crust with upper boundary velocities ranging from 5.6–5.9
km/s, lower boundary velocities ranging from 6.0–6.3 km/s and a thickness vary-
ing between 1.8 and 4.7 km
• middle continental crust, represented by an up to 32 km thick body (Fig. 5.15,
km 0–175) with minimum velocities of 6.2–6.3 km/s and lower velocities between
6.6 and 6.7 km/s
• lower continental crust with velocities of 6.4–6.8 km/s and lower velocities of 6.9
km/s and a thickness up to 8 km
Oﬀshore, the velocities range between 5.7 and 6.0 km/s at the upper and between 5.9
and 6.1 km/s at the lower boundary of the uppermost crustal layer. The thickness of
this layer varies between 0.9 km and 1.5 km. The lower crust was modelled by a 1.5
to 3.0 km thick layer with upper boundary velocities between 6.4 and 6.9 km/s and
a lower boundary velocity of 7.0 km/s. This layer is underlain from the coast to the
model termination in the south by a 3.5–7.0 km thick HVB with velocities between
7.0 and 7.4 km/s (Fig. 5.15, km 150–400). As is the case for proﬁle 20070201, these
high velocities are constrained by refracted waves, which were subdivided in phase Pc2
(velocities up to 7.0 km/s) and Pc3 (velocities higher than 7.0 km/s). In general, the
total crustal thickness ranges from 6.5 to 8.5 km between km 210 and 400. However,
between km 320 and 350, the oceanic crust thickens signiﬁcantly to 9.5 km. It thins
again eastwards of km 360, where a variation of the Moho depth has been found, which
corresponds to the Moho step at km 320 in model 20070201. The gravity model of
proﬁle 20070202 is shown in the lower part of ﬁgure 5.15. As for the ﬁrst model we
excluded the continental part of the model from the gravity modelling due to the lack
of constraint on the shallow structures and used only the data acquired during the
MoBaMaSis cruise for gravity modelling. We set the density onshore in the shaded
area to 2.65 g/cm3 for the upper and to 2.88 g/cm3 for the middle continental crust.
The density of the lower continental crust was chosen to 2.93 g/cm3. These values
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are in agreement with typical density values for continental crust [Christensen and
Mooney , 1995]. The positive anomaly that can be seen landwards of both proﬁles in
the free-air gravity data of Sandwell and Smith [2009] has a sharper southern ﬂank in
proﬁle 20070202 than in proﬁle 20070201. Proﬁle 20070202 terminated southwards of
this ﬂank and the gravity ﬁeld is relatively ﬂat in comparison to the ﬁeld of proﬁle
20070201. Oﬀshore, the sedimentary densities increase downwards from 1.95 g/cm3
near the seaﬂoor to 2.63 g/cm3 above the oceanic basement. The upper crust was
modelled with a density of 2.70 g/cm3 from km 175 to 318 and of 2.74 g/cm3 from
km 354 to 400. In between, the upper layer of the locally thickened crust shows a
density of 2.65 g/cm3, which is comparable in density to the lowermost sediment layer.
Apart from that crustal block, the oﬀshore upper crustal densities are somewhat higher
in model 20070202 than in model 20070201. The lower crust in model 20070202 was
generally modelled with a density of 2.93 g/cm3, but a higher density of 3.12 g/cm
was needed between km 175 and 225 around the region, where the Moho starts to
deepen. As in model 20070201, the HVB was divided in several density blocks, and
densities ranging from 2.96 up to 3.20 g/cm3 were modelled. These changes reﬂect
roughly the internal velocity distribution of the high-velocity-body (7.0–7.4 km/s). A
summary of the modelled velocities and densities is given in table 5.6b. To compare
our modelling results with the coincident multichannel seismic (MCS) proﬁles, the ﬁnal
raytracing models were converted into two-way-traveltime and plotted in colour onto
the time-migrated seismic reﬂection sections of proﬁles 20070201 and 20070202 (Fig.
5.16a,b).
The shape and layering of the lower sediments of the raytracing models as well as the
top of the acoustic basement is in good agreement with the MCS data. Diﬀerences exist
in the upper sedimentary column, where prominent reﬂectors of the MCS data do not
coincide with P-wave model layer boundaries. Most of the diﬀerences can be linked to
the occurrence of large drift bodies. Most likely, here the reﬂectors mark stratigraphic
boundaries rather than changes in seismic velocities. A more detailed interpretation
and discussion of the MCS data is beyond the scope of this contribution.
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b) Proﬁle 20070202
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5.7. Discussion
Nature of the crust
Our interpretation of the oceanic crustal layers is based on the classiﬁcation given
by White et al. [1992] with oceanic layer 1 consisting of sediments and oceanic layer 2
consisting of extrusive basaltic lavas and dykes. Oceanic layer 3 consists of gabbroic
material with velocities and is usually more than twice as thick as layer 2. Young crust
shows lower velocities at the upper boundary of oceanic layer 2 than old crust. The
mean thickness of normal oceanic crust is 7.1 ± 0.8 km [White et al., 1992]. In order to
compare the ﬁnal velocity models with the typical structure of oceanic crust, vertical
velocity-depth proﬁles were extracted every 100 km along the oﬀshore part of model
20070201 and every 75 km along the oﬀshore part of model 20070202 and plotted in
colour in ﬁgure 5.17 together with values of typical oceanic crust [White et al., 1992].
Both models are characterised by a thin upper crustal layer (thicknesses around 1.5 km)
with relatively high upper boundary velocities around 5.6 km/s and a gradient lower
than that of normal oceanic crust (see ﬁgure 5.17). This might be explained by the
age of the crust and the large thickness of overlying sediments. The crustal thickness
of model 20070201 ﬁts into the normal range of oceanic crust for all velocity-depth
proﬁles up to km 400. Further south, the crust has a thickness of only 5.1 km, about 2
km thinner than normal oceanic crust. The crustal thickness is generally higher along
line 20070202 than along line 20070201. The velocity-depth-functions located at km
210 and 285 of proﬁle 20070202 show a total crustal thickness of 8.4 km, about 1.3 km
thicker than that of normal oceanic crust. Towards the southeastern end of the model,
at km 360, the crustal thickness decreases to 6.5 km (Fig. 5.17).
Our structural interpretation of the models is shown in ﬁgure 5.18. The continental
crust is stretched seawards over a distance of around 130 km by 50 %, from 40 to
around 20 km thickness. The identiﬁcation of seaﬂoor spreading anomalies up to
M33n leads us to interpret the crust from km 275 to 550 along line 20070201 and from
km 300 to 400 along line 20070202 as being oceanic in origin. The nature of the crust
between km 145 and 275 of proﬁle 20070201 (Fig. 5.14) and between km 175 and 300 of
proﬁle 20070202 (Fig. 5.15) couldn’t be unequivocally determined. Does the negative
magnetic anomaly (Fig. 5.14: km 140–200; Fig. 5.15: km 180–210) mark the initiation
of oceanic spreading or is the crust older than M33n of transitional nature and true
oceanic crust was not formed before M33n?
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To constrain possible interpretations, the major structural features of our models are
brieﬂy described:
• The velocity depth functions southeast of km 200 are similar to those of standard
oceanic crust (Fig. 5.17).
• Weak indications for Seaward Dipping Reﬂector Sequences [Hinz and Krause,
1982]) are observed between km 160 and 190 in proﬁle 20070201 and between km
175 and 190 in proﬁle 20070202 [Reichert and Neben, 2008]. In proﬁle 20070201,
their location coincides with the maximum thickness of the HVB at km 160.
• Between km 140 and 200 on proﬁle 20070201 and between km 180 and 210 in pro-
ﬁle 20070202, a pronounced negative magnetic anomaly is observed, which can be
correlated with the position of the SDRS and a region of signiﬁcant crustal thin-
ning. This anomaly cannot be interpreted as classical seaﬂoor spreading anomaly
due to the high amplitude in times of the Jurassic Quiet Zone. A combination
of other eﬀects might add to the remanent magnetization of oceanic crustal layer
2: SDRS, when erupted during a reversed magnetic chron, can carry a strong re-
manent magnetization. The same is the case for highly serpentinized peridotite
that might have enough natural remanent magnetization and susceptibility to
contribute signiﬁcantly to the magnetic anomaly ﬁeld [Ouﬁ et al., 2002]. The
vicinity of a lower magnetized continental crustal block and highly magnetized
oceanic crust can produce a strong edge-eﬀect anomaly, and ﬁnally, intrusive
complexes can also bear strong magnetizations.
• The free-air gravity map after Sandwell and Smith [2009] shows a positive free-air
anomaly towards the coast, which has partially been mapped with the marine
gravity meter during the MoBaMaSis cruise along line 20070201 (Fig. 5.14). The
anomaly might be caused by intrusions into stretched continental crust (see the
brownish block in ﬁgure 5.18a). The proﬁle 20070202 terminates too far south
to reach this anomaly. The proximity of the both proﬁles makes the existence
of similar intrusions at the according position in proﬁle 20070202 likely, which is
why the area is marked with a brown transparent area and a question mark in
ﬁgure 5.18b.
• Close to the continent the majority of the crust is composed of a high-velocity-
body, while at the end of the lines thin oceanic crust is present. This HVB is
deﬁned by anomalous high P-wave velocities in the lower crust (≥ 7.0 km/s).
Maximum velocities of 7.5 km/s along line 20070201 and 7.4 km/s along line
20070202 are found locally in the HVB, but the major part of the HVB has
velocities between 7.0 and 7.3 km/s.
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a) b)
c) d)
Figure 5.17. Velocity-depth proﬁles of the oﬀshore part of the models (every 100 km for proﬁle
20070201, every 75 km for proﬁle 20070202), compared with crustal velocity of the Atlantic Ocean (a
and c) and of the Paciﬁc Ocean (b and d) after White et al. [1992]
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a) Model 20070201
b) Model 20070202
Figure 5.18. Interpretation of the crustal part of the models with the magnetic anomaly ﬁeld in
the upper panel. The dark spot marks the position of the SDRS indications in the according seismic
reﬂection proﬁle.
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Taking these observations into account, we favour an oceanic interpretation of the
crustal area in question (Fig. 5.14: km 145–275; Fig. 5.15: km 160–300). The position
of the (weak) SDRS (normally corresponding to the continent-ocean-boundary) and
the strong variations in the magnetic ﬁeld near the coast indicate a geological bound-
ary. The similarity of the upper crustal velocities to those found for oceanic layer 2 at
the southeastern end of the proﬁles and the agreement of the modelled velocity-depth
relations with those of oceanic crust corroborates an oceanic interpretation, too. This
interpretation narrows the size of stretched continental or transitional crust to 120–150
km (Fig. 5.14 and 5.15; km 50–200 in proﬁle 20070201, km 90–210 in proﬁle 20070202).
The high amplitude negative anomaly has then been created shortly before anomaly
M41n, when oceanic spreading started. Higher density magnetic data would be essen-
tial to prove this interpretation. In every case, the oceanic crust extends farther to the
north than previously assumed (see ﬁgure 5.9 for the position of the continent-ocean-
boundary after Raillard [1990]).
Origin of the high-velocity-body
Two classes of rifted continental margin have been established in literature: Vol-
canic and nonvolcanic margins [Mutter et al., 1988; White et al., 1992; Whitmarsh
et al., 2001]. The characteristics of volcanic passive margins are massive extrusive lava
ﬂows and strong seaward-dipping reﬂector sequences (SDRS) as well as igneous intru-
sions and crustal underplating in the area of the continent-ocean-transition (COT).
Thickened oceanic crust and the link to ﬂood basalt provinces are taken as indications
for volcanic margins, too. Good examples for this type of continental margins can be
found in the North Atlantic [Eldholm and Grue, 1994; Mjelde et al., 1997; Voss and
Jokat , 2007]. Nonvolcanic passive margins on the other hand show heavily stretched
continental crust with tilted blocks, zones of serpentinized, sometimes exhumed mantle
and thin transitional/early oceanic crust. The margin of West Iberia can be regarded
as a classic example of this margin type [Whitmarsh et al., 1996].
Lower crustal layers with anomalous high P-wave velocities ≥ 7 km/s have been
found on both types of margins [Chian et al., 1999; Voss and Jokat , 2007]. Despite the
abundance of these high-velocity-bodies, their lithology and mechanism of formation
is still not clearly determined [Chian and Louden, 1994]. Some authors interpret them
as being created by magmatic underplating, others suggest partial serpentinization of
mantle peridotite being the reason for the high velocities.
Serpentinization of upper mantle peridotites by hydration of olivine to serpentine
is a low temperature metamorphic process [O’Hanley , 1996], generally assumed to
be related to seawater penetrating downwards along faults and cracks [Mjelde et al.,
2002]. The water probably doesn’t reach crustal depths greater than 5 km in an amount
suﬃcient enough to lower the mantle velocities to around 7.2 km/s [Minshull et al.,
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1998]. The serpentinization process is gradual, probably leading to complete absence
of Moho reﬂections as observed on the West Iberia margin by Chian et al. [1999].
Magmatic underplating means the attachment of mantle material beneath existing
crust, often together with sill-like intrusions. It is assumed, that this happens due
to convectional transport of upper mantle material with an elevated potential tem-
perature above the “normal” ∼1280°C [Storey , 1995; Hawkesworth et al., 1999; White
et al., 1987; White and McKenzie, 1989] into the temperature and pressure region,
where partial melting occurs. The upper mantle convection can result in reaction to
spreading (passive convection [White and McKenzie, 1989]) or be additionally driven
by temperature gradients in the upper mantle (active convection/upwelling [Mutter
et al., 1988]). The active upwelling ratio (deﬁned as the relation between the upwelling
rate of mantle material and the spreading half-rate of the ridge forming the crust) and
the mantle potential temperature are the leading factors deﬁning the amount of melt
production, and in consequence the thickness and the velocity structure of the lower
crust. As result of underplating, a signiﬁcant impedance contrast often remains at the
border between the lower crust and the underplating body leading to reﬂections from
the top of the HVB in seismic reﬂection proﬁles [Klingelhoefer et al., 2005; Funck et al.,
2007; Voss and Jokat , 2007].
According to its seismic velocities, the HVB might consist either of underplating,
heavily intruded lower crust or of serpentinized mantle. Maﬁc underplating normally
causes an intracrustal reﬂector on top of the underplating body. No such reﬂections
are present in our data, the smooth velocity transition to the HVB arguing against
magmatic underplating. The Moho is however well constrained by reﬂections through-
out both proﬁles (Fig. 5.12), which in turn makes serpentinization of upper mantel
peridotites unlikely. The lack of reﬂections on top of the HVB might be explained
by a crust that was heavily but gradually modiﬁed by maﬁc intrusions, leading to a
smooth transition between lower crust and HVB in the seismic resolution scale. These
intrusions could have been created during magmatic underplating, but could also result
from intrusions of mantle material before the onset of serpentinization.
Voss and Jokat [2007] gave an overview about dimensions of prominent high-velocity-
bodies found at diﬀerent margins. The maximum thickness of these bodies ranges from
9 km (Southeast Greenland, Hopper et al. [2003]) to 18 km (Namibia, Gladczenko et al.
[1998], Bauer et al. [2000]). The maximum width ranges from 90 km (Hatton Bank,
Morgan et al. [1989]) to 225 km (East Greenland, Voss and Jokat [2007]). A com-
parison of the HVB of our proﬁles with those dimensions reveals, that its maximum
width is quite big (350 and 250 km, probably extending over the southern end of proﬁle
20070202, see ﬁgure 5.14 and 5.15), its maximum thickness, however, is small (11 and
6 km, see ﬁgure 5.14 and 5.15). A similar situation of a HVB occurring in combination
with thin oceanic crust was found by Collier et al. [2009] at the northern Seychelles
continental margin. There, the high-velocity-body was interpreted as magmatic under-
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Figure 5.19. Crustal thickness against proﬁle distance. Start point of the curves are the southern-
most edges of continental crust in both proﬁles. We chose the position of M33n as reference point in
both proﬁles and shifted proﬁle 20070202 by 24 km for plotting purposes. The solid lines show the
crustal thicknesses, the dotted lines show the mean crustal P-wave velocities. Black lines are used for
proﬁle 20070201, red ones are used for proﬁle 20070202. The green lines are the mean values between
both proﬁles.
plating, which happened prior to breakup. Yet, in contrast to our proﬁles, the velocities
of the HVB are signiﬁcantly higher (7.5–7.8 km/s) [Collier et al., 2009]. To test the
possibility of magmatic underplating, we calculated the crustal thicknesses and mean
seismic velocities along both proﬁles and then used the relations of Korenaga and Jor-
dan [2002] to draw conclusions on the mantle potential temperature and the ratio of
possible active mantle upwelling, which would have been necessary to produce the ob-
served crustal architecture. The existence of a lithospheric lid [Korenaga and Jordan,
2002] was not assumed for our calculations, because we deal with young transitional or
oceanic crust at the time of the HVB’s formation. Figure 5.19 – 5.21 shows the results
of our calculations. Comparing the diﬀerences in thickness and velocity between both
proﬁles and the error bars (Fig. 5.20), we decided to average the values, keeping in
mind the small lateral distance of 110 km between both proﬁles and our purpose to
draw conclusions on the general trend of the mantle development.
The crustal thickness decreases over a distance of around 50 km from 14.3 to 7.7
km, then slightly increases again to 8.0 km and decreases ﬁnally to 6.2 km at M25n.
The mean crustal velocity rises ﬁrst from 7.03 km/s to 7.10 km/s. Apart from this
ﬁrst increase, the velocity and the thickness curves show a roughly correlating trend.
74
The crustal structure of the Central Mozambique continental margin - wide-angle
seismic, gravity and magnetic study in the Mozambique Channel, Eastern Africa
Figure 5.20. Mean crustal P-wave velocity against crustal thickness. Diamonds represent proﬁle
20070201, squares proﬁle 20070202. Circles show the ﬁtted mean values (Fig. 5.19) of both proﬁles.
Contour lines are drawn for constant mantle potential temperatures and upwelling ratios.
Figure 5.21. Mantle potential temperature against active upwelling ratio χ. Diamonds represent
proﬁle 20070201, squares proﬁle 20070202. Circles show the ﬁtted mean values (Fig. 5.19) of both
proﬁles. Contour lines are drawn for constant crustal thicknesses and for constant seismic velocities.
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The velocity decreases to 6.98 km/s at M25n having a small maximum after M33n in
between, which coincides with a maximum in the crustal thickness of proﬁle 20070202
(Fig. 5.19). Figure 5.20 shows the crustal velocity plotted against thickness with
marked ages and error bars. The curved lines behind represent the relations of Kore-
naga and Jordan [2002], calculated for constant mantle potential temperatures as well
as for constant upwelling ratios (χ). In ﬁgure 5.19, the coordinate system is changed
to potential temperature against upwelling ratio with crustal thickness and mean ve-
locity shown as curved lines. Again referring to the averaged curve, a mantle dynamic
and temperature development as follows can explain the lower crustal fabric of our
proﬁles: The crustal region near the shoreline and older than M33n was formed over a
highly active convective mantle with potential temperatures around 30°C higher than
the 1280°C usually taken as “normal”. The mantle was strongly upwelling at these
times (upwelling ratio around 6). The intrusions in the stretched continental crust
(5.18) might be due to a pulse of initial heating, which heavily modiﬁed the already
weakened crust and facilitated the emplacement of seaward dipping volcanic series.
After a time of slightly increasing mantle potential temperature up to around 1330°C
and mantle convection slowing down to χ=2, the mantle thermal anomaly seems to
have been exhausted and the trend changed. Afterwards, the mantle started to cool
down rapidly, till it reached “normal” potential temperatures around 1280°C at M25n.
In parallel, the mantle convection slightly increased again to χ=2.5 (Fig. 5.21). For
the times younger than M25n, we have only information from one proﬁle, in which
the HVB pinches out at M24n. This temperature and convection regime of the man-
tle is in agreement with other margins (e.g. in the North Atlantic: Holbrook et al.
[2001]). A margin formation, more controlled by dynamic rift processes rather than by
large-scale thermal mantle anomalies, was predicted for the Atlantic margin of North
America by Holbrook and Kelemen [1993], too, considering the rapid decrease of crustal
thickness and lower crustal velocities perpendicular to that margin. Armitage et al.
[2010] pointed out, that another important factor, controlling the amount of generated
melt, is the speciﬁc rift history of a margin, particularly the relation in time between
crustal thinning and the emplacement of a mantle thermal anomaly. More detailed
knowledge about the rift history in our research area would be needed to take this
aspect into account and to come to a reliable model of the mantle-lithosphere interac-
tions at the conjugate margins in the Africa-Antarctica Corridor during the Gondwana
breakup. Keeping in mind that the rifting between West- and East-Gondwana was
accompanied by massive volcanism at the conjugate margins of Antarctica and Africa
and that small-scale rift related magmatism also took place onshore our proﬁles (Fig.
5.1), we propose that the Central Mozambique continental margin belongs to the class
of volcanic margins.
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5.8. Conclusions
Two wide-angle seismic models were established along parallel proﬁles running from
the Mozambique coast into the Mozambique channel between longitude 37°30’ and 41°
East. Both models show up to 40 km thick continental crust at the Mozambique con-
tinental margin, which thins to around 20 km over a distance of around 130 km. A
lower crustal high-velocity-body (7.0–7.4/7.5 km/s) underlies both proﬁles and can be
explained by higher magma production due to a combination of active upper mantle
convection and increased upper mantle potential temperatures. Proﬁle 20070201 cov-
ers the Mesozoic anomaly sequence up to M11An.1n as youngest identiﬁcation. In the
shorter proﬁle 20070202 M22n.1n was identiﬁed as youngest anomaly. The anomalies
were correlated between both proﬁles and are in agreement with existing identiﬁcations
in the Mozambique Basin/Channel. From the shoreline towards the identiﬁcation of
M33n, between 130 and 155 km of crust were found, where magnetic spreading anoma-
lies could not be clearly identiﬁed anymore. Nevertheless, our data and models point
to oceanic crust in this area. Extrapolating the modelled oceanic spreading towards
the coast, we postulate M41n (166 Ma) being the oldest magnetic spreading anomaly
near the Central Mozambique continental margin. The continent-ocean-boundary in
the Mozambique Channel is located closer to the coast than previously assumed.
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Chapter 6.
Wide-angle seismic data oﬀshore the central
Mozambique continental margin – additional material
6.1. Preliminary interpretation of the sedimentary column of
the wide-angle seismic proﬁles
As the manuscript focusses on the crustal structure of the Mozambique continental
margin, the velocities and densities of the oﬀshore sedimentary column resulting from
the P-wave velocity models are not discussed in the manuscript. A profound inves-
tigation in the seismic reﬂection data and/or drilling results would be necessary to
draw reliable conclusions on the stratigraphy. However, because the model results pro-
vide information for such further stratigraphic studies, this chapter adds a discussion
and a preliminary interpretation of the sedimentary layers that otherwise wouldn’t be
published.
6.1.1. Model layer description
Proﬁle 20070201
Starting with proﬁle 20070201, the discussion refers to ﬁgure 5.14. The velocity
model consists of 13 layers at all. The sedimentary densities range from 1.95 g/cm3
near the seaﬂoor downwards increasing to 2.60 g/cm3 above the top of the acoustic
basement. A summary of the modelled velocities and densities is given in table 5.6a.
Our model 20070201 results in P-wave velocities of the sedimentary layers as follows:
• The uppermost layer corresponds to the water layer with a constant P-wave
velocity of 1.5 km/s.
• Sediment layer 1 represents the uppermost sediments of the seaﬂoor. A vertical
velocity gradient from 1.5 km/s to 2.0 km/s is assigned to it. The maximum
thickness of the layer amounts to 0.9 km.
• The ﬁrst refracted waves were identiﬁed for the underlying sediment layer. This
sediment layer 2 is characterised by velocities between 2.4 and 2.9 km/s with a
maximum thickness of 2.0 km.
• Sediment layer 3 is divided into two parts. The land-side part shows velocities
from 3.0–3.5 km/s with a maximum thickness of 1.9 km. The layer onlaps between
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km 270 and 300 on an adjacent sediment wedge with a velocity gradient between
3.9 and 4.0 km/s that decreases towards southeast to 2.9–3.3 km/s. The thickness
of this wedge increases to the south to a thickness of 2.4 km at km 410 before it
gradually pinches out to kilometer 500.
• The underlying layer, sediment layer 4, shows a maximum thickness of 2.7 km at
about km 240 and thins farther towards southeast to 1.3 km. The P-wave veloc-
ities increase from around 4.0 km/s near the coast to around 4.2 km/s near km
200, where a strong horizontal gradient to 4.6–4.7 km/s seems to mark a struc-
tural change within the layer. Southwards, the layer velocity remains constant
until the end of the model.
• In eight OBS record sections (OBS 18–25 and OBS 23A), a signiﬁcant step-back in
arrival times is visible in the sedimentary phases. This oﬀset can be explained by
the existence of a low velocity layer. Ray theory does not provide any constraints
for the interval velocity of this layer, a constant velocity of 4.0 km/s has been
chosen, which is slightly lower than the lowermost velocity at the lower boundary
of the layer above. The thickness of the low velocity layer ranges from 0.2 km to
1.0 km (around km 230).
• Below this layer, the last sedimentary unit above the acoustic basement was
identiﬁed. Velocities of this layer range from 4.5 km/s to 5.0 km/s and the
thickness varies between 1.1 and 2.4 km.
Proﬁle 20070202
For model 20070202, the discussion refers to ﬁgure 5.15. The model consists of 14
layers. The sedimentary densities increase oﬀshore from 1.95 g/cm3 near the seaﬂoor
downwards to 2.63 g/cm3 above the oceanic basement. A summary of the modelled
velocities and densities is given in table 5.6b.
Our model 20070202 results in P-wave velocities of the sedimentary layers as follows:
• The uppermost layer is the water layer with a constant P-wave velocity of 1.5
km/s.
• Sediment layer 1 represents the sediments, which form the seaﬂoor. For this layer,
an upper boundary velocity of 1.5 km/s and lower boundary velocities of 2.0–2.3
km/s were supposed. Its maximum thickness amounts to 0.9 km. The layer is
too thin to be constrained by any picked arrivals, but it is necessary to explain
the ﬁrst identiﬁed arrivals, originating from the layer beneath.
• This layer, sediment layer 2, is characterised by velocities ranging from 2.3 to 2.6
km/s and a maximum thickness of 0.8 km.
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• The next model layer, sediment layer 3, is structurally divided into two parts
by a thick sediment wedge underneath (Fig. 5.15). The northern part of the
layer has a maximum thickness of 1.5 km and a weak vertical gradient with
upper boundary velocities decreasing southwards from 3.1 to 2.6 km/s and lower
boundary velocities decreasing southward from 3.2 to 2.7 km/s, resulting in a
weak vertical gradient within the layer between km 160 and 325. The southern
part thickens to 1.8 km and shows also a low vertical gradient with layer velocities
around 2.6 km/s.
• Sediment layer 4 has upper boundary velocities of 3.4 km/s near the coast, de-
creasing to 3.1 km/s to the end of the layer as upper part of a thick sediment
wedge at km 350. The lower boundary velocities decrease from 3.7 km/s in the
north to 3.2 km/s at the southern termination of the layer. Around km 220, a
zone with higher velocities between 3.6 and 3.7 km/s interrupts this trend. The
layer has, in general, a thickness between 0.7 km and 1.5 km, but reaches a higher
thickness of 1.8 km on the wedge at km 330.
• Sediment layer 5 is characterised by upper boundary velocities of 3.9 km/s in the
northwestern part of the layer, increasing to 4.4 km/s at km 185, where a sharp
jump in velocity to 4.1 km/s occurs. From km 255 to 350, the upper boundary
velocity decreases from 4.0 to 3.4 km/s. The lower boundary velocity is 4.2 km/s
in the northwestern part of the layer, increasing to 4.5 km/s near the velocity
jump mentioned above (Fig. 5.15, km 185). After a jump back to values around
4.2 km/s, the velocity decreases to 3.7 km/s from km 255 to km 340.
• The layer is generally characterised by a thickness between 1.2 and 1.8 km, but
reaches a maximum thickness of 2.4 km on the southern ﬂank of the sediment
wedge at km 355. The sediment layer 6 is a low vertical gradient layer with a
seismic velocity around 4.5 km/s, gently increasing to the south to 4.9 km/s. Its
thickness ranges between 0.9 km and 1.3 km at km 310, and it thins out to 0.4
km at the southern end of the model.
• As in model 20070201, a low velocity sediment layer could be identiﬁed in the
data. This sediment layer 7 has a maximum thickness of 0.9 km and velocities
of 4.4, locally up to 4.7 km/s.
• Sediment layer 8 (lowermost sediment layer directly above the acoustic basement)
shows upper boundary velocities between 4.6 and 4.9 km/s and lower boundary
velocities between 4.7 and 5.0 km/s. The thickness of this layer varies between
0.7 km and 2.6 km.
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6.1.2. Interpretation of the models sedimentary column
An interpretation of the sediment layers in the raytracing models is given in ﬁg-
ure 6.1a,b), following published stratigraphic models [Lafourcade, 1984; De Buyl and
Flores , 1986; Droz and Mougenot , 1987; Raillard , 1990; Reichert and Neben, 2008].
Figure 6.1. Interpretation of the models sedimentary column: a) Model 20070201
The four uppermost sediment layers of model 20070201 and the ﬁve uppermost
sediment layers of model 20070202 are interpreted to have a Cenozoic age. Sediment
layer 3B of model 20070201 (Figure 5.14, km 265 to 490) seems to represent a massive
contourite structure, which can easily be recognized in the MCS data Fig. 5.16a). A
contourite structure also exists in the model 20070202, represented by the shape of
sediment layers 4 and 5 between km 300 and 370 (Fig. 5.16b). The underlying sed-
iment layer 4 of model 20070201 and layer 6 along line 20070202 represent probably
Cretaceous sediments. A thin layer with slightly lower P-wave velocities and densities
(sediment layer 5 in model 20070201, sediment layer 7 in model 20070202) marks the
boundary between Cretaceous and Jurassic sediments, which formed the lowermost
sediment layer in both models.
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Two seismic reﬂection proﬁles acquired during the MoBaMaSis cruise crossed the
wells Zambezi-1 and Zambezi-3, but both of those wells were yet terminated in Maas-
trichtian sediments [Reichert and Neben, 2008]. The three lowermost sediment layers
along both lines 20070201 show high seismic velocities between 4.0 and 5.0 km/s and
densities between 2.57 and 2.63 g/cm3. The velocities are characteristic for limestone/-
dolomite, shales, or salt [Schön, 1996].
b) Model 20070202
Neither diapirism nor characteristic densities for salt can be observed in our data.
Coﬃn et al. [1986] described a layer with similar velocities of 4.56 ±0.29 km/s overly-
ing the basement in the Western Somali basin. They tentatively interpreted the layer
as the oﬀshore equivalent of massive Jurassic limestone encountered by drilling in both
East Africa and Madagascar [Coﬃn and Rabinowitz , 1982, 1983]. The lithostratigra-
phy after Lafourcade [1984] suggests deposition of shales, sandy materials and "Red
beds", coarse-medium-grained arkosic sandstones with small fragments of lavas and a
calcareous matrix cement (after Flores [1964] and Dingle et al. [1983]) for this epoch.
According to De Buyl and Flores [1986], 12 wells were drilled oﬀshore Mozambique.
Their structural crossections on the shelf oﬀshore Beira suggest also "Red beds" as the
lowermost Jurassic sediment unit, which correlates to the Belo formation of the lower
Sambesi [Dingle et al., 1983; Flores , 1964]. The thick sediment loading up to 10 km
may have caused high compaction, which in turn resulted in increased densities and
P-wave velocities for the deeper lying units.
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6.2. 3-dimensional view of the high-velocity-body underlying
both proﬁles
In both models, a high-velocity-body (deﬁned by P-wave velocities ≥7.0 km/s) with
a length of 370 respective 250 km (probably extending over the southern end of model
20070202) and a maximal thickness of 9.5 respective 7.5 km was found. The shape of
the high-velocity-body is shown in a three dimensional view in ﬁgure 6.2. The volume
of the body, linearly interpolated between the both proﬁles and neglected outside the
area between the proﬁles, amounts to around 135.000 km3.
Figure 6.2. High-velocity-body underlying proﬁles 20070201 and 20070202 (P-wave velocities ≥ 7.0
km/s) in 3D-view
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Is there continental crust underneath the Northern
Natal Valley and the Mozambique Coastal Plains?
Leinweber, V.1, Jokat, W.1
1Alfred-Wegener Institut für Polar- und Meeresforschung, Bremerhaven
7.1. Abstract
To draw conclusions about the crustal nature and history of the Natal Valley and the
Mozambique Ridge, systematic potential ﬁeld data were obtained during the AISTEK
III cruise with R/V Pelagia in 2009. This paper presents and interprets the results of
that expedition. The new magnetic data reveal a pattern of linear magnetic spreading
anomalies, NW-SE trending in the south-western part of the Mozambique Ridge and
E-W trending on its central part. The Ariel Graben, which separates the Mozambique
Ridge from the Northern Natal Valley, is represented by a pronounced negative anomaly
in the magnetic– as well as the free-air gravity ﬁeld. The Northern Natal Valley bears
a complicated pattern of anomalies with mainly SW-NE trends. In the Northern Natal
Valley, no indications for a continent-ocean-boundary between continental crust in
the north and oceanic crust in the south exist, neither in the free-air gravity nor in
the magnetic ﬁeld. The magnetic wavelengths of the Mozambique Coastal Plains are
similar to those of the Northern Natal Valley and the Mozambique Ridge. Particularly
in the gravity data, the Mozambique coastal plains, the Northern Natal Valley and
the Mozambique Ridge appear as one continuous geological province. We interpret the
region from the Mateke-Sabi monocline in the north to the south-western tip of the
Mozambique Ridge as mainly being ﬂoored by thickened oceanic crust.
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7.2. Introduction
The detailed reconstruction of the ﬁt of the continents in Gondwana and of their
relative movements after breakup is still an unsolved kinematic problem. The Natal
Valley and the Mozambique Ridge (MZR, Fig. 7.1) were formed as consequence of
movements between the African, South American and Antarctic plates. The Natal
Valley is usually divided into a southern and a northern part, whereby the transition
between both parts is located around 29° S. As result of seismic and gravimetric studies
in the 1970’s – 80’s [Green and Hales, 1966; Ludwig et al., 1968; Hales and Nation,
1973; Dingle and Scrutton, 1974; Scrutton, 1976; Chetty and Green, 1977], there is
no debate about the oceanic nature of the Transkei Basin and the adjacent Southern
Natal Valley (SNV). There, Goodlad et al. [1982] and Martin et al. [1982] identiﬁed
the Mesozoic spreading anomaly sequence from M0 to M10 with indications for even
older anomalies M11 and M12. Conﬂicting interpretations exist, however, of the nature
of the Northern Natal Valley (NNV) and the MZR. No wide-angle seismic data were
available to better constrain the interpretations prior to this study. Based on gravity
and kinematic models, the underlying crust was interpreted as thinned continental,
transitional or oceanic [Darracott , 1974; Scrutton, 1976; Iliﬀe et al., 1991; Nairn et al.,
1991; Cox , 1992; Watts, 2001]. The continent-ocean-boundary (COB) in the Natal
Valley was supposed to coincide with the South Tugela Ridge [Martin et al., 1981;
Goodlad et al., 1982] (Fig. 7.1, STR).
The MZR is one of several aseismic structures in the SW Indian Ocean, extending
from around 25° to 35°S, and is subdivided into several plateaus. The question whether
the crust underneath the ridge is oceanic or continental, has not been ﬁnally answered
so far, but has profound implications on any detailed kinematic Gondwana reconstruc-
tion. A continental MZR, occupying its present position relative to Africa, produces
large overlaps with the Antarctic continent in Mesozoic reconstructions [Tikku et al.,
2002; Segouﬁn and Patriat , 1981; Martin and Hartnady , 1986; Livermore and Hunter ,
1996; König and Jokat , 2010]. Nevertheless, continental rocks were dredged at the
positions labelled DR1/2/3, DBA and DL5 in ﬁgure 7.1 [Raillard , 1990; Mougenot
et al., 1991; Ben-Avraham et al., 1995; Jokat , 2006]. Supposing a continental MZR,
Marks and Tikku [2001]; Tikku et al. [2002] identiﬁed chron M10 and M4 around an
extinct spreading centre in the NNV (Figs. 7.1 and 7.2) and proposed that the MZR
was part of a micro-plate between M11 and M2 to solve the problem of overlaps with
Antarctica. However, support for an oceanic origin of the ridge came from DSDP hole
249: MORB-like rocks were drilled on the saddle between the Dana- and the Galathea
Plateaus. [Simpson, 1974; Erlank and Reid , 1974; Thompson et al., 1982; Maia et al.,
1990]. It is not clear, however, whether the drill-hole reached the basement or just
an overlying sill [Raillard , 1990]. Rocks of presumably oceanic origin were dredged at
DL1-4 [Jokat , 2006].
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Figure 7.1. Location of the AISTEK ship tracks, underlain by the bathymetry after GEBCO_08
[2003]. The yellow lines mark the potential ﬁeld measurements during AISTEK II in 2005 [Jokat ,
2006; König and Jokat , 2010]. The black lines indicate the ship tracks of the ﬁrst leg of AISTEK
III and the white lines represent those of the second leg of AISTEK III [Jokat , 2009]. The magnetic
anomalies in the Southern Natal Valley, identiﬁed by Goodlad et al. [1982] as well as by Martin
et al. [1982] are indicated by solid blue lines. Dashed blue lines mark the identiﬁcations in the NNV
made by Tikku et al. [2002]. Dredge and borehole positions are marked by symbols. Abbreviations:
AG: Ariel Graben; AGP: Agulhas-Plateau; AP/NNV: Alidade-Plateau/Northern Natal Valley; DBA:
dredge positions after Ben-Avraham et al. [1995]; DL1/2/3/5: dredge positions of AISTEK II; DP:
Dana-Plateau; DR1/2/3: dredge positions after Raillard [1990]; DSDP: Deep Sea Drilling Project;
GP: Galathea-Plateau; MFZ: Mozambique Fracture Zone; MB: Mozambique Basin; RGP: Robert-
Giraud-Plateau; RP: Rennel-Plateau; SNV: Southern Natal Valley; STR: South Tugela Ridge; TB:
Transkei Basin; VP: Vauban-Plateau.
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Modern seismic refraction data on the southernmost part of the MZR (Fig. 7.1; Robert-
Giraud Plateau) show a velocity distribution that is typical for oceanic crust. The crust
is underlain by a high-velocity-body (P-wave velocities ∼ 7.0 km/s) and has a total
crustal thickness of 20 – 22 km [Gohl et al., subm.]. This interpretation is supported
by magnetic proﬁles from AISTEK II in 2005 on the MZR (yellow lines in ﬁgure 7.1
[König and Jokat , 2010]) showing characteristics of seaﬂoor spreading anomalies. This
study presents new potential ﬁeld data from the Mozambique Ridge and the Natal
Valley and discusses their tectonic implications.
7.3. Data acquisition and processing
Approximately 19.500 km of magnetic and gravity data with line spacing between
18 and 36 km were obtained on the MZR and in the Natal Valley during the two legs
of the AISTEK III expedition with R/V Pelagia in 2009. The cruise tracks are shown
in ﬁgure 7.1. Magnetic data were recorded by a SeaSpyTM magnetometer, which was
towed 200 – 400 m behind the ship. Diurnal variations were recorded in intervals of 10 s,
using a GSM-19 Overhauser magnetometer. The base station was installed in Durban
for the entire cruise [Jokat , 2009]. The potential ﬁeld data were processed following
standard procedures. For the base station data, the processing included manual quality
check, ﬁltering with a 1800 s low-pass ﬁlter and quiet-level correction using the mean
value of the seven most quiet days of the expedition. The ship-towed sensor data were
corrected for the regional IGRF 2005 ﬁeld (international geomagnetic reference ﬁeld),
and for the diurnal variations taken from the magnetic base station. For gridding the
entire magnetic data set, a constant oﬀset correction of +48.2 nT was applied to the
proﬁles of AISTEK II from König and Jokat [2010], and the crosspoint errors were
minimized by levelling using Geosoft Oasis montajTM. The maximum crosspoint error
was reduced from 36.3 nT to 4.3 nT. The data grid was calculated using the minimum
curvature method with a grid cell size of 0.1 degree.
Gravity measurements were performed using a ZLS S-56 AirSea gravity meter, which
was temporarily installed onboard R/V Pelagia. To connect our measurements to
the IGSN 71 (International Gravity Standardization Net 1971) and to calculate the
instrumental drift, land measurements in Durban were made prior to and after the two
cruise legs using a portable LaCoste&Romberg gravity meter. Drift, tidal, latitude and
Eötvös corrections were applied to the ship measurements prior to manual quality check
and low-pass ﬁltering using a Butterworth ﬁlter of 8th degree and a cut-oﬀ wavelength
of 0.08 degree. To create a regional grid, the data of AISTEK II and III were merged
and corrected for crosspoint errors applying polynomials of ﬁrst degree to the proﬁles.
This resulted in a reduction of the maximum crosspoint error from 16.28 mGal to 9.74
mGal.
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7.4. Results
Figures 7.2 to 7.4 present the processed potential ﬁeld data of AISTEK III together
with data of other sources (see ﬁgure captions for details). Our magnetic map reveals
a complex anomaly pattern with absolute amplitudes of up to 936 nT in the investi-
gated area (Fig. 7.4). In the NNV, systematic anomaly correlations between the lines
are diﬃcult to identify. The anomaly pattern doesn’t reveal an unambiguous trend.
The SW-NE direction appears to be dominant, however. We regard these trends as
evidence for old spreading anomalies created during the Jurassic Quiet Zone. In ﬁgure
7.4, we used transparent white lines to mark those spreading anomalies. Vector mag-
netic data, which were collected during AISTEK III with a temporarily ship-mounted
ﬂuxgate magnetometer, revealed similar lineaments in the NNV [Nogi, pers. comm.].
The existence of an E-W trending extinct spreading centre in the NNV, ﬂanked by
symmetric anomalies, as postulated by Marks and Tikku [2001] and citetTikku2002,
can be excluded from our data (Fig. 7.2a).
The Ariel Graben (Fig. 7.1; 35°E, 29°S) is marked by pronounced negative SW-
NE trending anomalies as well in the magnetic as in the gravity ﬁelds. The graben
connects the Mozambique Fracture Zone (36.5°E, 27°S) with the SNV (Fig. 7.4). The
SNV is dominated in its northern part by a broad negative magnetic anomaly ﬁeld
(33.5°E, 30.5°S). In the western part of the SNV, we digitized the magnetic proﬁles
from Goodlad et al. [1982] and used the timescale of Gradstein et al. [2004] to pick the
Mesozoic sequence from M10 to M0 in all data that were available to us (blue lines
in ﬁgure 7.2b). The area, where this could be done, is bordered to the southeast by
negative anomalies. Farther towards the MZR in the east, a zone of positive anomalies
exist, as well in the magnetic as in the gravity ﬁeld (Fig. 7.4, 30.5–33°E, 32.5–35°S). In
this positive magnetic zone, we didn’t ﬁnd correlations between the anomalies of the
NE-SW trending AISTEK III proﬁles anymore. However, taking the older ship proﬁles
into account, we found SW-NE directed symmetries in the magnetic ﬁeld coinciding
with the centre of a moderate gravity high (Fig. 7.2c). To verify this, we projected the
proﬁles used for the identiﬁcations onto an azimuth of 134° (rectangular to the trend
of the correlations) and a common proﬁle centre at 33°S/33°E (Fig. 7.3).
The MZR bears linear magnetic anomalies, whose trends change the direction with
increasing latitude along the ridge. From the Ariel Graben to the northern Vauban
Plateau (Fig. 7.4, 29–32°S), E-W-lineaments can be found, terminated in the south by
a strong positive anomaly of 432 nT at maximum (Fig. 7.4, 32°S). Further south, the
Vauban Plateau is dominated by a negative magnetic anomaly ﬁeld of up to -417 nT,
bordered by positive anomalies that are probably related to edge-eﬀects. A positive
anomaly of up to 687 nT marks the transition to NW-SE-striking spreading anomalies
on the Robert-Giraud- and Rennell-Plateau (Fig. 7.1) as well as in the Transkei Basin.
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Figure 7.2. Wiggle plot of the AISTEK and older magnetic data. Green indicates positive, yellow
indicates negative anomaly values. a) N-S trending lines in the NNV, blue lines mark the anomaly
identiﬁcations of Tikku et al. [2002]; b) magnetic data in the SNV and on the MZR, together with
selected older ship magnetic data (see ﬁgure 7.5 and table 7.1 under online supplementary materials
for details). Blue lines are the re-picked anomalies in the SNV [Goodlad et al., 1982]; c) enlarged
region marked by the dotted black box in b) with selected ship proﬁles. The white lines show the
identiﬁcation of the extinct spreading centre with ﬂanking anomalies. In the background, the free-air
anomaly ﬁeld of Sandwell and Smith [2009] is shown using a dark (lower values) to bright grey shading
(higher values).
Figure 7.3. Correlation of ship proﬁles around the extinct ridge in the Southern Natal Valley. The
proﬁles are projected onto a proﬁle centre at 33°E, 33°S and an azimuth of 134°, which is rectangular
to the azimuth of the postulated extinct ridge. All proﬁles are projected on the same virtual line,
thus, the correlations did not reﬂect the exact geographical situation, because in reality, some proﬁles
cross each other. The small inset presents the tracks of the used ship lines. The correlation marked
with a red line is the postulated spreading centre, the blue lines mark ﬂanking anomalies on both
sides of the extinct ridge.
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The newly acquired gravity data are presented as free-air gravity map as online sup-
plementary material. The mainly satellite-derived gravity map published by Sandwell
and Smith [2009] is in excellent agreement with the marine gravity data of this study.
7.5. Interpretation and Conclusions
A surprising result of this study is that across the NNV the potential ﬁeld data
provide no anomaly pattern that could be interpreted as continent-ocean-boundary
between suggested continental crust in the north and oceanic crust in the south. A
pronounced anomaly is related to the Ariel Graben, but the magnetic ﬁeld north and
south of that graben is very similar in character and lineaments can be observed in the
magnetic ﬁeld at both sides. This supports interpretations that non-continental crust
is present north and south of the Ariel Graben. North of the NNV, the only candidates
for a COB are the Lebombo and the Mateke-Sabi monoclines. Both features are marked
by strong positive free-air gravity anomalies (Fig. 7.4b, 31.5°E/23°S–32.5°E/28°S and
31.5°E/22°S–34°E/20°S). A pronounced negative gravity anomaly (Fig. 7.4b, white-
hatched area) separates the gravity anomalies of the monoclines to the east and south-
east from a positive one underneath the eastern Mozambique Coastal Plains. This
negative free-air anomaly might indicate transitional or oceanic crust thinner than to
the east, resulting in a gravitational edge-eﬀect. The positive gravity anomaly of the
eastern Mozambique Plains appears to be the northern part of an elongated positive
gravity anomaly/province reaching from 21°S to 35°S.
Figure 7.4. Magnetic and gravity ﬁelds in the research area. On the left (a), the oﬀshore magnetic
map resulting of this study is shown. Relevant older ship tracks are plotted as wiggle tracks (red:
positive, blue: negative). Onshore, the magnetic data of African Magnetic Mapping Project (AMMP),
taken from Sahu [2000] are shown together with aeromagnetic data in southern and western Mozam-
bique, taken from Mekonnen [2004]. The colour palette is valid only for the oﬀshore gridded data, the
onshore datasets are coloured after individual colour palettes as shown in their original publications.
The bathymetry was taken from GEBCO_08. White transparent lines mark magnetic lineaments
that we recognize in the gridded magnetic data. The thicker yellow line at latitude 30°S marks a
postulated extinct spreading centre between the Dana and Galathea Plateaus. On the right (b), the
free-air anomaly map after Sandwell and Smith [2009] is shown, which incorporates the land grav-
ity data compilation of EGM2008 [Pavlis et al., 2008] for the onshore part. The Lebombo and the
Mateke-Sabi monoclines are labelled. The negative gravity anomaly that is hatched with white lines,
might indicate either transitional or oceanic crust.
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Figure 7.4. see previous page for description
101
Is there continental crust underneath the Northern Natal Valley and the Mozambique
Coastal Plains?
That might indicate that the crust of the MZR continues underneath the Mozam-
bique Coastal Plains. The onshore magnetic ﬁeld supports this interpretation: Mag-
netic data across the coastal plains of Mozambique [Sahu, 2000; Mekonnen, 2004] show
strong similarities in wavelengths and in the anomaly pattern to our data of the NNV
(Fig. 7.4a). However, the detailed crustal composition east and south of the Lebombo
and Mateke-Sabi monoclines remains speculative as long as no deep seismic data are
available. In the south, we recognized spreading anomalies on the MZR and in the
NNV. In general, such magnetic anomalies are not uncommon at oceanic plateaus
[Nakanishi et al., 1999]. However, they are diﬃcult to interpret. The detailed base-
ment topography of the MZR is not known, and younger volcanism has locally modiﬁed
the crust of the ridge [Raillard , 1990]. Since no systematic dredge samples from the
MZR basement and their corresponding ages are available, a sound age identiﬁcation
of the magnetic anomalies in the new data set is impossible. We support the inter-
pretation of Marks and Tikku [2001] and Tikku et al. [2002] that the NNV is ﬂoored
by oceanic crust, but our data rule out their anomaly identiﬁcations. There is no evi-
dence for an extinct ridge in this area. The Ariel Graben with its remarkable anomaly
expression marks the boundary between anomalies with diﬀerent trends (SW-NE in
the north and W-E in the south) and thus was probably formed as a consequence of a
change in the spreading regime. The Dana and Galathea Plateaus (Fig. 7.1) appear as
symmetrical bathymetric and gravity features. The E-W trending anomalies point to
an emplacement of these plateaus by spreading in N-S direction as conjugate features
on a spreading centre located in between. Thus, we postulate a ridge jump from a
location in the NNV/MCP southwards, where it afterwards formed these two plateaus.
The yellow line (Fig. 7.4a) marks the supposed position of that extinct ridge at 30°S
latitude. The Vauban Plateau is situated at 33°S, where the MZR changes its strike
direction from N-S to NE-SW south of 33°S latitude. Its emplacement was probably
related to a major spreading reorganisation, when the breakup between South America
and Africa was initiated and spreading in the SNV started. On its southwestern end,
between 33°S and 35°S, the MZR clearly shows NW-SE-striking magnetic spreading
anomalies, which are sub-parallel to the spreading anomalies in the SNV. That points
to a formation of the southwestern MZR belonging to the African Plate during the early
stages of spreading between South America and Africa. We interpret the correlations
in the northeastern part of the SNV (Figs. 7.2c and 7.3) as spreading anomalies ﬂank-
ing a small extinct ridge that was active during these early times of spreading in the
SNV. It might explain the creation of the crust between the Maurice-Ewing Bank in its
back-rotated position and the MZR. The symmetry around the central low is imaged
very well in the projected proﬁles (Fig. 7.3). Denser data rectangular to the extinct
ridge would be necessary to identify the ages of the spreading anomalies. The new po-
tential ﬁeld data strongly support models suggesting thickened igneous crust ﬂooring
the major part of the MZR and the NNV. Smaller embedded continental fragments
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and/or ice-rafted debris are probably the reason for the dredged continental rocks on
the MZR. Details about the thickness of the MZR crust are poorly known. Mostly we
have to rely on old sonobuoy data from only a few locations. These data show that
the crustal thickness of the MZR is well above the global mean of 6-8 km for normal
oceanic crust. Is the MZR a Large Igneous Province (LIP)? Following the revised
deﬁnition of LIPs from Bryan and Ernst [2008], the MZR doesn’t conform to impor-
tant criteria to be classiﬁed as LIP. The MZR was not formed as intraplate feature by
a short-lasting igneous pulse, but along a plate boundary between the Natal and the
Mozambique Basin spreading systems over a time span of tenths of million years. There
is no clear evidence for an emplacement of the MZR along a hot-spot trace [Thomson,
1999; Burke, 1996], but such a relationship cannot be excluded, since the published
hot-spot tracks are often quite speculative [Thomson, 1999]. Our observations point to
extensive volcanism roughly lasting from the breakup between Africa and Antarctica
in the Lower/Middle Jurassic (formation of the Karoo ﬂood basalts between 184 and
178 Ma [Jourdan et al., 2005]) until the lower-middle Cretaceous, when the formation
of the southern MZR was completed. The Mozambique Ridge is thus probably the
expression of massive volcanism resulting from a long-lasting interaction of a mantle
thermal anomaly with the plate boundary. Such interactions can also be found on other
places on earth, as for example in Iceland, though the spreading regime is diﬀerent to
that causing the emplacement of the MZR. The seaﬂoor spreading anomalies on the
MZR indicate that the extensive volcanism happened at a spreading centre west of
the Mozambique Fracture Zone (Fig. 7.1). The formation of the oceanic crust in the
SNV, however, was evidently not aﬀected by such an amount of volcanism as it was
the case for the MZR. The reasons for this are unknown. Finally, the absence of larger
continental crustal units in this area solves one of the major problems in ﬁnding the
initial ﬁt between Africa and Antarctica, namely the overlap of the Mozambique Ridge
with East Antarctic continental crust.
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7.6. Online supplementary material
Figure 7.5. Comparison between the free-air anomaly ﬁeld from Sandwell and Smith [2009] (shown
on the left in the background) and the AISTEK data (shown left in the white outline). The outlet
on the right side shows those part of the Sandwell and Smith data, which is covered by the AISTEK
data. The latter are gridded with a cell size of 0.04 degree. The maximum absolute diﬀerence between
both grids is 27 mGal.
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Ship Cruise
A Vema V3619
B Thomas B. Davie TD277
C Vema V3410
D Vema V1911
E Glomar Challenger DSDP25GC
F Robert Conrad RC1215
G Thomas B. Davie TD267
H Marion Dufresne MDU02
I Vema V3410
J Chain CH099L05
K Vema V2010
L Robert Conrad RC1706
M Discovery DI101
N Glomar Challenger DSDP26GC
O Marion Dufresne MDU07
P Meiring Naude MN766
Q Vema V2411
R Melville PROT05MV
S Atlantis II A2093L04
T Vema V3620
U Chain CH099L04
V Argo LUSI7DAR
W Robert Conrad RC1401
X Vema V3501
Y Thomas B. Davie Lines 402, 371/8, 519, 515/518
(digitized from Goodlad et al. [1982])
Z Agulhas Line Agulhas 2 (digitized from Goodlad et al. [1982])
Table 7.1. Older ship data used in the study, mostly taken from the NGDC database. The ID letter
is used in ﬁgure 7.1 for line identiﬁcation.
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New aeromagnetic data from the western Enderby
Basin and consequences for Antarctic-India break-up
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8.1. Abstract
In order to enhance our understanding of the continental break-up between East
India and Antarctica, a Japanese/German aerogeophysical survey was conducted oﬀ
eastern Dronning Maud Land and western Enderby Land, Antarctica. The systematic
survey with a line spacing of 20 km provides strong constraints on the timing of the
initial break-up of India/Antarctica compared to the conjugate margin south of Sri
Lanka. While the continent-ocean transition is very well marked by pronounced posi-
tive and negative magnetic anomalies, no hints on the existence of magnetic spreading
anomalies north of this zone have been found in the new data set. Thus, in contrast
to most recently published models, the data only support kinematic models, which
include a ﬁnal break-up of Sri Lanka/India from our investigated area some 90-120 Ma
within the Cretaceous Normal Superchron.
Citation: Jokat, W., Y. Nogi, and V. Leinweber (2010), New aeromagnetic data from the
western Enderby Basin and consequences for Antarctic-India break-up, Geophys. Res. Lett., 37,
L21311, doi:10.1029/2010GL045117.
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8.2. Introduction
The dispersal of Gondwana starting at approximately 160 Ma was accompanied by
various magmatic events caused by large thermal anomalies in the upper mantle. The
only portion of Gondwana that had common boundaries with all present day southern
hemisphere continents (South America-SAM, Africa-AFR, Madagascar-MAD, India-
IND, Australia-AUS, New Zealand-NZ) is Antarctica (ANT), thus making it possible
to investigate if the break-up processes produced coherent signals/geological features
on- and oﬀshore in order to better understand the driving forces of continental break-
up. Therefore, one important constraint is the knowledge of the seaﬂoor spreading
history of the Gondwana fragments in as much detail as possible, and its relation to
onshore volcanism, which proceeded or accompanied the break-up process.
In the past decade, models for the timing and geometry of the dispersal of South
America, Africa [Jokat et al., 2003; König and Jokat , 2006, 2010], Australia and New
Zealand from Antarctica have constantly been reﬁned by new seismic and magnetic
data. An exception is the Indian sector of Antarctica (Fig. 8.1). Here, no consensus
has been achieved about the timing and geometry of the drift, mainly because of
the absence of clear and continuous magnetic spreading anomalies along ANT and
eastern India. This resulted in one class of models, which interpreted the variable
magnetic signals as being created during the Cretaceous Normal Superchron (CNS)
(120-84Ma). In the absence of magnetic spreading anomalies, these models [Royer and
Coﬃn, 1992; Banerjee et al., 1995] related the initiation of the break-up process to
the ﬁrst occurrence of volcanic rocks onshore Eastern India (Rajmahal Traps, 118 Ma;
[Banerjee et al., 1995]) and the southern Kerguelen Plateau (118 Ma) north of the East
Antarctic coast.
The second class of models propose a much older dispersal of IND and ANT, some
135 Ma [Ramana et al., 1994a,b; Nogi et al., 1996; Ramana et al., 2001; Desa et al.,
2006; Gaina et al., 2007]. Mesozoic magnetic anomalies back to chron M9o (130 Ma
[Gaina et al., 2007]) to chron M11 (>134 Ma [Ramana et al., 2001]) oﬀ ANT have been
identiﬁed in similar or same magnetic data sets within our research area (Fig. 8.1).
One of the problems with the latter models has been that onshore massive volcanism
occurred approximately 18 Myr (IND-Rajmahal Traps; ANT-Kerguelen Plateau), after
the ﬁrst formation of oceanic crust along the conjugate margins. Gaina et al. [2007]
propose an intermediate model. These authors agree that most of the oceanic crust
oﬀ Eastern India was formed during the CNS, but identiﬁed M-series back to M9o oﬀ
ANT. These anomalies formed around an extinct spreading axis, which was located in
the Enderby Basin oﬀ ANT. A two-stage spreading model was introduced, with parts
of the Kerguelen Plateau (Fig. 8.1; Elan Bank) still connected to India while the M-
series formed oﬀ Enderby Land. During the CNS, ﬁnally, the Elan Bank drifted also
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Figure 8.1. Overview map. The dashed box indicates the location of the aerogeophysical survey.
ETOPO bathymetry is gray shaded. The Japanese Antarctic Station Syowa is marked. Abbreviations:
EB-Elan Bank, GR-Gunnerus Ridge, KFZ-Kerguelen Fracture Zone.
away from eastern India, leaving Late Cretaceous oceanic crust behind. This model
includes the observation that magnetic M-series could not be found oﬀ eastern India.
At this stage, it is important to note that throughout the entire geophysical literature
about the break-up of ANT-IND, all authors report problems with making magnetic
anomaly interpretations. As a consequence, diﬀerent age models were published based
on the same data sets. Without new magnetic data, the general problem of widely
spaced ship tracks as well as generally random-orientated ship tracks could not be
solved for the IND-ANT drift history. Thus, the major purpose of our survey north of
Enderby Land was a) to conduct a systematic survey with a line spacing of 20 km, and
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b) to map in greater detail the Mesozoic magnetic anomalies in order to reﬁne/conﬁrm
published break-up models. An aerogeophysical survey around the Japanese Antarctic
Station Syowa (at -69°S, 39,58°E) was conducted from January 09th to 29th, 2006,
with the ﬁxed wing aircraft Polar 2.
In this contribution, we will report about the results of the aeromagnetic investiga-
tions oﬀ Enderby Land, which is believed to be the conjugate margin of Sri Lanka.
8.3. Experiment set-up and data processing
The ﬂight altitude varied between 150 and 250 m above sea level and between 3000
and 3600 m above land. The data were acquired at a mean speed of 248 km/h (69
m/s). Within 15 days and 23 ﬂights, more than 22825 kilometres of new aeromagnetic
data were acquired. The line spacing was 20 km, and the magnetic ﬁeld was recorded
with a sampling rate of 1s.
Standard data reduction was applied to the measurements, including regional IGRF
2005 (International geomagnetic reference ﬁeld) and diurnal corrections. Diurnal vari-
ations were taken from the permanent recordings of a base station located at Syowa
station. The variation of the total magnetic ﬁeld was calculated out of these compo-
nents using a declination of -49°12,2’ and an inclination of -63°36,1’, which were the
values for epoch 2006.0, given by NIPR (National Institute of Polar Research, Japan).
A quiet level value of 102 nT was then subtracted from all base data. This value was
calculated as the mean value for the three quietest days of January, detected by statisti-
cal analysis of all given base data of that month (January 04th/08th/30th). Thereafter,
a 120 s time ﬁlter was applied to the base data in order to suppress high frequency
variations, and to remove the regional trend of the variations. The aeromagnetic data
were then corrected by the processed base station data.
Because of the diﬀerent main ﬂight levels across the sea and over land, we compiled
two separate magnetic maps. Here, only data acquired over sea are shown. They are
upward continued to 250 m. Both data sets were ﬁltered by a 15 s time ﬁlter afterwards,
and levelled using LCT® software (Fugro Ltd.). To achieve this, a levelling polynom
of the 8th order was applied and the lines were weighted in such a way that the ﬂights
ﬂown at the magnetically very noisy day (January 23rd) were assigned only 10 % of
the weight of the other ﬂights. This levelling procedure reduced the average mistie at
crossing points from 13,9 nT ± 9,5 nT to 3,8 nT ± 3,2 nT for the data set across the
sea (Fig. 8.2).
The description of the data will be restricted to the area north of the present day
coastline as the recorded magnetic ﬁeld there is relevant for providing constraints on
the break-up of ANT and IND. Furthermore, the full resolution of the magnetic data
at a ﬂight level of 250 m is needed for the interpretation, rather than a general ﬂight
level of 3600 m for both data sets.
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Figure 8.2. Misties before and after levelling.
8.4. The magnetic ﬁeld
The ﬁrst prominent and continuous magnetic anomaly is visible parallel to the con-
tinental margin in our survey area, and has along-strike variable, positive anomalies
ranging from 200 nT to 630 nT at maximum (Fig. 8.3). Around 40°E, the southern
part of the generally long wave length anomaly shows high frequency signals, which
might be caused by shallow intrusions into the extended continental crust. Just north
of this positive anomaly pattern, a negative anomaly with amplitudes ranging between
-90 nT and -170 nT along strike is also visible (Fig. 8.3a). Just north of this promi-
nent positive/negative anomaly pattern, a broad positive magnetic anomaly is observed
(Fig. 8.3b; white boxes). The pattern is reasonably well constrained, and is slightly
oblique compared to the strike of the continental shelf break and its prominent anomaly
pattern. Origins of these magnetic anomalies are possibly normal magnetized oceanic
crust and/or excess magmatic intrusions into the extended continental crust during
the initial break-up. The anomalies north of this area towards the Gunnerus Ridge
(GR) (Fig. 8.3; west of 40°E) vary in general between -100 nT and +160 nT with
local maxima/minima at +270 nT and -200 nT, respectively. East of 40°E, the ﬁeld
becomes very smooth with values ranging between -70 nT to +70 nT at maximum.
The amplitudes are, in general, decreasing towards the north and increasing towards
the GR, which might be due to increased magmatism during the break-up closer to
GR. The magnetic ﬁeld close to the GR is diﬃcult to level because of its location at
the rim of the aeromagnetic network.
115
New aeromagnetic data from the western Enderby Basin and consequences for
Antarctic-India break-up
North of the prominent positive/negative anomaly pattern close to the coast, neither
data representations (Fig. 8.3a-wiggle, 8.3b-grid) provide an indication for the presence
of any clear continuous Mesozoic spreading anomalies as reported by previous inves-
tigations covering approximately the same area. The data have variable amplitudes
in polarity but no obvious continuity. The variable ﬁeld starts at present day water
depths of around 4000 m.
8.5. Discussion and Interpretation
The investigated area (Fig. 8.1) is in most reconstructions the conjugate margin to
the southernmost tip of IND/Sri Lanka. Published models south of Sri Lanka [Desa
et al., 2006] suggest a break-up at approximately 134 Ma (M11). However, this iden-
tiﬁcation is based on random ship tracks with wide line spacing. According to Desa
et al. [2006], the spreading south of Sri Lanka ceased more or less at chron M0 and/or
slowed down from 35-55 mm/yr to very small rates of less than 6 mm/yr. Around chron
C34, a normal spreading regime was reinstalled. Similar break-up ages (M9o, ∼130
Ma) have been recently published [Ramana et al., 2001; Gaina et al., 2007]. The latter
authors published the most extensive magnetic data set oﬀ Enderby Land, which was
conjugate to eastern India. Based on seismic and magnetic data, an extinct spreading
axis was identiﬁed in the Enderby Basin. Here, the Elan Bank, a proposed continental
fragment west of the Kerguelen Plateau, forms the conjugate margin to Enderby Land.
The Enderby Basin is, thus, of Early Cretaceous age. In a second phase, the margin of
Eastern India formed during the CNS. One of several complications testing this model
might be the thick sedimentary column oﬀ East India (up to 10 km), and/or total
intensity magnetic anomalies observed around the equator. It might have modiﬁed the
magnetic anomalies in a way that no coherent spreading pattern could be identiﬁed
[Krishna et al., 2009]. In contrast, oﬀ Enderby Land the sediments in the oceanic part
of our research area are only approximately 1.5 km thick (Stagg et al. [2004]; proﬁle
GA-229/35). Thus, even weak coherent M-anomalies, if present, should be visible of
a similar quality as observed in the adjacent Riiser-Larsen Sea with a much thicker
sediment cover (Fig. 8.1) to the west [Jokat et al., 2003].
Figure 8.3. (a) Wiggle representation of the magnetic data. Flight altitude is 250 m. The chron
identiﬁcation of Gaina et al. [2007] is added as well as the seismic line GA-229/35 [Stagg et al., 2004]
(yellow line). ETOPO bathymetry is plotted with a contour interval of 200 m. Abbreviations: GR-
Gunnerus Ridge, XR-Extinct spreading axis. (b) Magnetic ﬁeld oﬀ Syowa Station at a ﬂight altitude
of 250 m. The location of the seismic proﬁle [Stagg et al., 2004] (GA-229/35) is indicated as yellow
line. The two white boxes might indicate a magnetic signal from the continent-ocean transition or the
magnetic pattern represents the youngest Mesozoic magnetic spreading anomaly in this area. ETOPO
bathymetry is plotted with a contour interval of 200 m. Abbreviations as in ﬁgure 8.3a
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For further discussions, it is important to deﬁne the landward limit of oceanic crust
in our area. Here, the best estimate is based on a seismic reﬂection proﬁle and the
subsequent 2D-gravity modelling [Stagg et al., 2004]. According to Stagg et al. [2004],
the continent-ocean boundary lies approximately 150 km seaward along the proﬁle GA-
229/35 (Fig. 8.3, yellow line). Corresponding to the simultaneously recorded magnetic
data, this location is marked by the termination of a broad positive anomaly just
north of a strong negative one. In the absence of any deep seismic sounding data, this
interpretation is mainly based on the account of basement variations in the seismic
section. Adapting this interpretation and transferring it into our data set, the broad
magnetic anomaly marked in ﬁgure 8.3b is the last portion of extended crust in our
research area. North of this anomaly pattern, the diﬀuse magnetic ﬁeld is located on
oceanic crust. Here, the new data do not show any coherent magnetic signals. For
comparison, we have plotted the anomaly identiﬁcation of Gaina et al. [2007], which
is based on three widely spaced proﬁles, on top of our data (Fig. 8.3). Though M9n is
generally a weak anomaly, there is no coherent anomaly pattern along the marked line.
One should suspect stronger and older Mesozoic magnetic anomalies south of M9n to
the continent-ocean transition, however, this is not the case. Thus, the data support
models, which favour an ANT-IND separation during the CNS, or very close to it.
Based on the new aeromagnetic data we prefer the following interpretations/models:
1. The pronounced positive/negative anomaly pattern close to the coast marks the
continent-ocean transition. Without deep seismic sounding data no precise decision
can be made whether the broad positive anomaly just north of this pattern (Fig. 8.3b,
white boxes) is part of the continent-ocean transition or represents chron M1n. In the
latter case, the continent-ocean transition would be very sharp, which is in accordance
with results published oﬀ East India [Krishna et al., 2009].
2. The new data set show a similar diﬀuse magnetic pattern as reported from vector
data gathered north of Syowa Station [Nogi et al., 1996]. However, the explanation of
those is diﬀerent. In this study, we prefer the interpretation that the oceanic crust was
formed during the CNS.
3. The rift-drift transition oﬀ Syowa Station started after the emplacement of the
Rajmahal Traps at approximately 118 Ma within the CNS. Such a scenario is also
supported by rift-related dykes in the Prince Charles mountain [Arne, 1994], which are
dated at 100 Ma.
4. We propose that the ﬁrst oceanic crust formed with some time delay to the
emplacement of the Rajmahal Traps. Denudation studies [Lisker , 2004] along both
margins indicate that the last tectonic event terminated around 100 Ma.
5. We propose that there are no M-series south of Sri Lanka. According to Sreejith
et al. [2008], part of the identiﬁed M-anomalies [Desa et al., 2006] are located within
the southern continent-ocean-transition zone or the spreading was highly asymmetric.
The distance from the proposed continent-ocean boundary to chron C34 is 800 km
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along 83°E. North of Syowa Station this distance is 900 km. This would result into a
mean spreading velocity of 25 mm/yr for the IND plate.
6. It cannot be ruled out that even our magnetic survey is still located within
the continent-ocean transition. However, the existing geophysical data base does not
support this view, especially as no deep seismic data exist to constrain the onset of
oceanic crust in the investigated area.
8.6. Consequences for geodynamic models
Tentatively, we estimate that the oceanic crust in the investigated area formed
after the emplacement of the Rajmahal Traps some 118 Ma. If there was a time
delay between the emplacement of the traps and the formation of the ﬁrst oceanic
crust in the Enderby Basin its duration is not known. Thus, the oceanic crust in the
investigated area might have formed in a time window between 118 Myr to even 90
Myr. This younger break-up age has signiﬁcant consequences for the plate dynamics
in the area and bio-geographical studies. IND was attached to ANT much longer than
some models predict. The data set supports the interpretation of Banerjee et al. (1995)
and the reference therein, which state that "no oceanic crust older than 100 Ma was
drilled or found oﬀ eastern India". We think that the newly acquired aeromagnetic
data are typical for the area west of the KFZ (Fig. 8.1). East of the KFZ, where also
the Elan Bank (Fig. 8.1) is located, the trends of the fracture zones might indicate
a diﬀerent spreading regime. Tentatively, taking the available geophysical information
into account, we suggest that the KFZ is not a signiﬁcant geological age boundary,
and, thus, that large parts or the entire Enderby Basin were formed during the CNS.
Furthermore, in view of the diﬀerent data sets and interpretation, we speculate that the
ANT-IND break-up process started in the east and propagated towards the Gunnerus
Ridge, leaving India much longer connected to Antarctica than other models formerly
proposed. Thus, together this allowed an exchange of fauna and ﬂora till the Late
Cretaceous between Antarctica and India/Madagascar. Our younger break-up model
also agrees well with geological interpretations along both margins.
8.7. Acknowledgements
We thank the aircraft crew, the technicians, Daniel Steinhage and Sven Riedel for
conducting the survey in the ﬁeld. We thank S. Cande and D. Müller for their reviews.
We also thank the JARE members and crews of the icebreaker Shirase for their kind
help during operations from the JARE-46 to JARE-47. Y. N. is also grateful to Profs.
Kazuyuki Shiraishi, Kazuo Shibuya and the members of Department of Earth Science,
National Institute of Polar Research, for their understanding and interest in the study.
119
New aeromagnetic data from the western Enderby Basin and consequences for
Antarctic-India break-up
8.8. References
Arne, D. C., Phanerozoic exhumation history of northern Prince Charles Mountains
(East Antarctica), Antarct. Sci., 6, 69–84, 1994.
Banerjee, B., J. Sengpta, and P. K. Banerjee, Signals of Barremian (116 Ma) or younger
oceanic crust beneath the Bay of Bengal along 14N latitude between 81E and 93E,
Mar. Geol., 128, 17–23, 1995.
Desa, M., M. V. Ramana, and T. Ramprasad, Seaﬂoor spreading magnetic anomalies
south of Sri Lanka, Mar. Geol., 229, 227–240, 2006.
Gaina, C., R. D. Müller, B. Brown, and T. Ishihara, Breakup and early seaﬂoor spread-
ing between India and Antarctica, Geophys. J. Int., 170, 151–169, 2007.
Jokat, W., T. Boebel, M. König, and U. Meyer, Timing and geometry of early Gond-
wana breakup, J. Geophys. Res., 108 (B9,2428), 2003.
König, M., and W. Jokat, The Mesozoic breakup of the Weddell Sea, J. Geophys. Res.,
111, B12,102, 2006.
König, M., and W. Jokat, Advanced insights into magmatism and volcanism of the
Mozambique Ridge and Mozambique Basin in the view of new potential ﬁeld data,
Geophys. J. Int., 180 (1), 158–180, 2010.
Krishna, K. S., L. Michael, B. R., and T. J. Majundar, Geoid and gravity anomaly
data of conjugate regions of Bay of Bengal and Enderby Basin: New constraints
on breakup and early spreading history between India and Antarctica, J. Geophys.
Res., 114 (B03102), 2009.
Lisker, F., The evolution of the geothermal gradient from Lambert Graben and Ma-
hanadi Basin – a contribution to the Indo-Antarctic Rift debate, Gondwana Res.,
7 (2), 363–373, 2004.
Nogi, Y., N. Seama, N. Isezaki, and Y. Fukuda, Magnetic anomaly lineations and frac-
ture zones deduced from vector magnetic anomalies in the West Enderby Basin, in
Weddell Sea Tectonics and Gondwana Breakup, edited by B. C. Storey, E. C. King,
and R. A. Livermore, pp. 265–273, Geol. Soc. London, London, 1996.
120
New aeromagnetic data from the western Enderby Basin and consequences for
Antarctic-India break-up
Ramana, M. V., V. Subrahmanyam, K. V. L. N. S. Sarma, G. P. S. Murty, G. S. Mittal,
and R. K. Drolia, Magnetic study in the northern Bay of Bengal, Mar. Geophys.
Res., 16, 237–242, 1994b.
Ramana, M. V., T. Ramprasad, and M. Desa, Seaﬂoor spreading magnetic anomalies
in the Enderby Basin, East Antarctica, Earth Planet. Sci. Lett., 191, 241–255, 2001.
Ramana, M. V., et al., Mesozoic anomalies in the Bay of Bengal, Earth Planet. Sci.
Lett., 121, 469–475, 1994a.
Royer, J.-Y., and M. F. Coﬃn, Jurassic to Eocence plate tectonic reconstructions in the
Kerguelen Plateau region, Proc. Ocean Drill. Program Sci. Results, 120, 917–928,
1992.
Sreejith, K. M., K. S. Krishna, and A. R. Bansal, Structure and isostatic compensation
of the Comorin Ridge, north central Indian Ocean, Geophys. J. Int., 175, 729–741,
2008.
Stagg, H. M. J., J. B. Colwell, N. G. Direen, P. E. O’Brien, G. Bernardel, I. Borissova,
B. J. Brown, and T. Ishihara, Geology of the continental margin of Enderby and
MacRobertson Lands, East Antarctica: Insights from a regional data set, Mar. Geo-
phys. Res., 25, 183–219, 2004.
121

Chapter 9.
The Jurassic history of the Africa-Antarctica
Corridor – new constraints from magnetic data on
the conjugate continental margins
Leinweber, V.1 & Jokat, W.1
1Alfred-Wegener-Institut für Polar- und Meeresforschung, Bremerhaven
9.1. Abstract
Finding the best ﬁt for East- and West-Gondwana requires a detailed knowledge
of the initial Jurassic movements between Africa and Antarctica. This study presents
results of systematic and densely spaced aeromagnetic measurements, which have been
conducted in 2009/2010 across the Astrid Ridge (Antarctica) and in the western Riiser-
Larsen Sea to provide constraints for the early seaﬂoor spreading history between both
continents. The data reveal diﬀerent magnetic signatures of the northern and southern
parts of the Astrid Ridge, which are separated by the Astrid Fracture Zone. The
southern part is weakly magnetized, corresponding to the low amplitude anomaly ﬁeld
of the southwestern Riiser-Larsen Sea. In contrast, the northern Astrid Ridge bears
strong anomalies of positive value. Furthermore, several sets of trends are visible in
the data. In the Mozambique Channel, we extended the existing magnetic spreading
anomaly identiﬁcations. Combined with the spreading anomalies in the conjugate
Riiser-Larsen Sea, they were used to establish a new model of the relative movements
of Africa and Antarctica after the breakup of Gondwana in Jurassic times. A detailed
model for the emplacement of the Mozambique Ridge is now incorporated. The model
postulates a tight ﬁt between Africa and Antarctica and two stages of breakup, the
ﬁrst of which lasting until ∼159 Ma (M33n). During this stage, Antarctica rotated
anticlockwise with respect to Africa. The Grunehogna Craton cleared the Coastal
Plains of Mozambique to a position east of the Mozambique Fracture Zone. The
southern Astrid Ridge is interpreted to consist of oceanic crust, also formed during this
ﬁrst stage, prior to the Riiser-Larsen Sea. During the second stage, Antarctica moved
southward with respect to Africa forming the Mozambique Basin and the conjugate
Riiser-Larsen Sea. The Mozambique Ridge and the Northern Natal Valley were formed
at diﬀerent spreading centres being active subsequently.
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9.2. Introduction
The only oceanic crust that was formed directly between Africa (AFR) and Antarc-
tica (ANT) after the breakup of Gondwana exists in the Africa-Antarctica Corridor
(AAC). The AAC runs north-south from the Mozambique Channel on the African east
coast to the Antarctic continental margin in the Riiser-Larsen Sea (Fig. 9.1). Although
the kinematic history between ANT and AFR is quite well constrained for Cenozoic
times [Bernard et al., 2005], little is known about the early movements after the initial
continental breakup. This is a consequence of two facts: (i) the lack of high quality
data on both conjugate margins, which could provide information on the age of the
underlying crustal units as well as on the spreading regime leading to their formation
and (ii) the diﬃculties identifying magnetic anomalies in the "Jurassic Quiet Zone"
[McElhinny and Larson, 2003; Tivey et al., 2006].
The starting point of each breakup model is de-
Figure 9.1. Geographic setting of
the Africa-Antarctica Corridor; abbre-
vations: AR: Astrid Ridge, GR: Gun-
nerus Ridge
ﬁning the initial ﬁt between the involved continents.
The quality of this continental ﬁt strongly depends
on a sound identiﬁcation of the continent-ocean-
boundary (COB). Therefore, knowledge about the
oldest existing magnetic anomalies as well as the
crustal fabric of both conjugate margins is essential.
To gain such knowledge in the region of the AAC,
extensive potential ﬁeld data sets were systemat-
ically acquired on both conjugate margins by the
Alfred-Wegener-Institut (AWI) and cooperating in-
stitutes in the last ﬁfteen years. Figure 9.2 presents
the setting of the African side of the AAC. On both
conjugate margins, aseismic plateaus/ridges exist.
On the African side, the Mozambique Ridge (Fig.
9.2, MZR) has been under discussion for a long time
to consist of continental crust. As a consequence,
if its position with respect to AFR remained ﬁxed
since Jurassic times, the MZR overlaps with the
Antarctic continent in many Gondwana reconstruc-
tions. Figure 9.3 presents the reconstruction of Mar-
tin and Hartnady [1986] as example. In 2005,
around 16.000 km of magnetic data were acquired in
the Mozambique Basin and across the Mozambique
Ridge during the AISTEK II cruise with RV Sonne
[König and Jokat , 2010].
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Figure 9.2. Geographic setting of the African side of the AAC and adjacent territories after Leinwe-
ber et al. [subm.]. Bathymetry is taken from GEBCO_08 [2003]. The small globe shows the position
of the region and the Africa-Antarctica Corridor. The stripe with question tags marks a zone that
is in question to directly constrain the movements between Africa and Antarctica, too. The terranes
are digitized after Hansen et al. [2009], Nguuri et al. [2001], Sahu [2000] and CGS [2000]. Abbre-
vations are: ABFZ: Andrew Bain Fracture Zone; AFZ: Agulhas Fracture Zone; AG: Ariel Graben;
AGP: Agulhas Plateau; BA: Beattie Magnetic Anomaly; BH: Beira High; CFB: Cape Fold Belt; Com:
Comores; DFZ: Davie Fracture Zone; DP: Dana Plateau; GB: Gariep Belt; GP: Galathea Plateau;
KB: Karoo Basalts; KC: Kaapvaal Craton; KhB: Kheiss Belt; LB: Limpopo Belt; LM: Lebombo Mon-
ocline; MaB: Magondi Belt; MAD: Madagascar; MB: Mozambique Basin; MC: Mozambique Channel;
MCP: Mozambique Coastal Plains; MFZ: Mozambique Fracture Zone; MozB: Mozambique Belt; MR:
Madagascar Ridge; MSM: Mateke-Sabi-Monocline; MZR: Mozambique Ridge; NNB: Namaqua-Natal
Belt; NNV: Northern Natal Valley; RC: Rhodesian Craton; RGP: Robert-Giraud-Plateau; RP: Ren-
nell Plateau; RT: Rehoboth Triangle; Sa: Sambesi; SB: Somali Basin; SC: Sambesi Canyon; SNV:
Southern Natal Valley; SWIR: South-west Indian Ridge; TB: Transkei Basin; VP: Vauban Plateau;
ZB: Zambezi Belt.
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In 2009, additional 20.000 km of systematic
Figure 9.3. Example of Gondwana re-
construction with the Mozambique Ridge
overlapping on Antarctic continental crust
(modiﬁed after Martin and Hartnady
[1986]) The Mozambique Ridge is marked
in red.
potential ﬁeld data were collected across the
MZR as well as in the Northern and South-
ern Natal Valley during the AISTEK III cruise
with R/V Pelagia [Leinweber and Jokat , 2011].
The data provide evidence for the existence of
spreading anomalies with diﬀerent trends on the
Mozambique Ridge (MZR) and in the Northern
Natal Valley (NNV). The ridge is interpreted by
Leinweber and Jokat [2011] as part of a continu-
ous province of thickened oceanic crust, extend-
ing from the southernmost MZR northwards to
the central area of the Mozambique Coastal
Plains (Fig. 9.2, MCP). Here, a pronounced
negative free-air gravity anomaly separates it
from the Lebombo and the Mateke-Sabi mono-
clines. Three extinct spreading centres are pos-
tulated by Leinweber and Jokat [2011]. The
ﬁrst roughly coincides with the southern coast
of the Mozambique Coastal Plains, the second
separates the symmetric Dana and Galathea
Plateaus and the third is located in the Southern Natal Valley near the western edge
of the Vauban Plateau [Leinweber and Jokat , 2011]. Another aseismic plateau is situ-
ated farther south: the Agulhas Plateau was formed by massive volcanism during the
separation from the Maud Rise [Uenzelmann-Neben et al., 1999]. In the Mozambique
Basin, König and Jokat [2010] identiﬁed M26n.4n as oldest magnetic anomaly, using
the magnetic data of AISTEK II. During the MoBaMaSis ("Mozambique Basin Marine
Seismic Survey") expedition with R/V Marion Dufresne in 2007, around 5.600 km of
seismic and potential ﬁeld data were acquired along the Central Mozambique conti-
nental margin. Furthermore, wide-angle seismic data were collected along two proﬁles
across the Mozambique continental margin, using ocean bottom instruments [Reichert
and Neben, 2008; Leinweber et al., subm.]. Interpreting the MoBaMaSis magnetic data,
Leinweber et al. [subm.] extended the identiﬁcations of König and Jokat [2010] to the
north and to the northeast and postulated an onset of oceanic spreading around M41n
(166 Ma). Raytracing models revealed oceanic crust underlain by a high-velocity-body
(Vp ≥ 7 km/s). On the conjugate margin, the Lazarev Sea and the Riiser-Larsen Sea
(RLS) are topographically dominated by three pronounced submarine features (Fig.
9.4): the Maud Rise, the Astrid Ridge (AR) and the Gunnerus Ridge (GR).
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The ﬁrst is a large volcanic plateau, located in the Lazarev Sea around 3°E, 65°S. Two
ODP sites during leg 113 retrieved alkali basalts overlain by lowermost Mastrichtian
sediments [Barker and Kennett , 1990; Hinz et al., 2004]. In the Lazarev and the
Weddell seas, pronounced Seaward Dipping Reﬂector Sequences (SDRS, Fig. 9.4) were
found and named Explora-Wedge [Hinz , 1981]. West of 10°W (Fig. 9.4), this wedge
consists of one single unit. To the east, its structure becomes more complicated and
at least two SDR sequences at diﬀerent distances from the margin were identiﬁed
[Hinz et al., 2004]. The outer wedge is interpreted to have formed around 130–140
Ma, possibly contemporaneous with the MZR [Hinz et al., 2004]. The Lazarev Sea is
terminated to the east by the AR, separating it from the Riiser-Larsen Sea (Fig. 9.4).
The AR extends between 9°E and 17°E from 65°S south to the continental margin of
Antarctica (Fig. 9.4). The crustal fabric as well as the geological evolution of the ridge,
which is separated into two parts by the Astrid Fracture Zone (AFZ) is speculative so
far. The southern part strikes in North-South direction up to 67°S. The northern part
is elongated in SW-NE direction following the strike of the AFZ. East of the AR, the
Riiser-Larsen Sea represents the conjugate basin to the Mozambique Basin, being one
of the ﬁrst oceanic basins, formed as a consequence of the breakup of Gondwana. To
the east, the RLS is bordered by the Gunnerus Ridge, which is a north-south striking
feature around 33.5°E, most likely underlain by continental crust [Roeser et al., 1996].
9.2.1. Existing Data sets
An overview about previously published geophysical data in the study area has been
given by Hinz et al. [2004] and Leitchenkov et al. [2008] and will be repeated only brieﬂy.
The ﬁrst seismic and magnetic surveys in the RLS were conducted by the South African
National Antarctic Expedition (SANAE) from 1975–1981 and have been published by
Bergh [1977, 1987]. He identiﬁed the sequences of M0–M9 age in the RLS. Geophysi-
cal investigations across the southern AR were also within the scientiﬁc objectives of
an Indian expedition, which investigated a graben structure on the crest of the AR
by shooting E-W trending seismic reﬂection proﬁles [Rao et al., 1992]. The German
Bundesanstalt für Geowissenschaften und Rohstoﬀe (BGR) acquired some 1.500 km of
multichannel seismic data in the Lazarev and in the Riiser-Larsen Seas in 1978 [Hinz
and Krause, 1982]. In the eastern RLS, the Japan National Oil Corporation (JNOC)
acquired multichannel, wide-angle seismic (sonobouy-) and potential ﬁeld data and
dredged continental rocks on the Gunnerus Ridge in 1985/86 [Saki et al., 1987]. In
1990, a joint expedition of the Alfred-Wegener-Institut (AWI) and the BGR concen-
trated on the central RLS and the Gunnerus Ridge, collecting seismic reﬂection and
potential ﬁeld data. Using these data, Roeser et al. [1996] extended the identiﬁcations
of Bergh [1987] back to M24 and proposed N-S trending spreading anomalies in the
magnetic ﬁeld west of the Astrid Ridge. During another expedition, the AWI, the
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BGR and the Russian Polar Marine Research Expedition (PMGRE) obtained more
than 10.000 km of multichannel seismic reﬂection, gravity and magnetic data as well
as one seismic refraction proﬁle in the Lazarev Sea and the RLS as well as on the
Astrid Ridge [Hinz et al., 2004; Jokat et al., 2004]. The ship-borne activities were sup-
plemented by ﬁxed-wing aerogeophysical investigations from 1996/97 to 2000/2001 by
the AWI to gather systematic potential ﬁeld data across the oldest oceanic crust of the
Weddell and the Lazarev Seas. During the East Antarctic Margin Aeromagnetic and
Gravity Experiment (EMAGE), 90.000 km of aeromagnetic data were acquired [Jokat
et al., 2003]. As part of the EPICA-project in 1996, four aeromagnetic proﬁles were
ﬂown across the southwestern RLS. In 1999/2000, helicopter-borne aeromagnetic mea-
surements along a dense ﬂight pattern have been conducted from R/V Polarstern in the
central Riiser-Larsen Sea [Thiede and Oerter , 2002; Jokat et al., 2003]. The data show
a clear pattern of the magnetic M-series up to M24 corroborating the identiﬁcations
of Roeser et al. [1996]. Finally, a dense pattern of more than 29.000 km systematic
potential ﬁeld data was acquired across the Astrid Ridge by the AWI with the research
aircraft "Polar 5" during the WEGAS2010 ("West East Gondwana Amalgamation and
its Separation") campaign in the Antarctic summer season 2009/2010. The new data
sets on the African end of the AAC have been published by König and Jokat [2010],
Leinweber and Jokat [2011] and Leinweber et al. [subm.]. This study presents the aero-
magnetic data of the WEGAS2010 campaign on the Antarctic end of the AAC. Taking
previously published potential ﬁeld data sets into account, we calculated revised Euler
rotation poles for Middle Jurassic to Lower Cretaceous times for ANT with respect to
AFR to establish a better kinematic model for this time interval.
9.3. Data acquisition and Processing
The WEGAS2010 campaign lasted from 01 Dec. 2009 until 31 Jan. 2010.
Systematic magnetic and gravity data were obtained during 20 ﬂights with a line-
spacing of 9–11 km (Fig. 9.5). The ﬂights were conducted with the AWI aircraft
"Polar 5" (Basler DC-3), based during the survey at the Russian Novolazarevskaya
airﬁeld station (Fig. 9.5, Novo). Magnetic data were measured with two Scintrex Cs-2
Caesium magnetometers, mounted in beams at the tip and the tail of the plane and
supplemented by a ﬂuxgate magnetometer for a realtime compensation of the aircrafts
magnetic eﬀects. To measure the diurnal variations, two magnetic base stations were
operated near the airﬁeld. The position of Polar 5 was permanently recorded by four
GPS receivers mounted on the aircraft. The coordinates have been post-processed
using land-based GPS reference stations, one of which was installed on crystalline rock
of the nearby Aerodromnaya Nunatak.
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Figure 9.5. Flight pattern of
WEGAS2010 with bathymetry
after ETOPO2 [2006]
The data quality was very good throughout the campaign.
The magnetic data processing included diurnal correction, correction for the IGRF
2005 (International magnetic reference ﬁeld) and a uniform analytic upward continua-
tion to an altitude of 350 m. Finally, the crosspoint errors were minimized by levelling.
Figure 9.6 illuminates the good quality
Figure 9.6. Crosspoint error statistics before and
after levelling
of the levelling procedure. The mean
absolute crosspoint error was reduced
from 3.4 ±2.9 nT before to 0.3 ±1.0
nT after levelling. A second data grid
was calculated from the helicopter data
from the Polarstern cruise ANT-17/2
[Jokat et al., 2003] in the RLS. Using
these two grids as reference, we levelled
the ﬂight proﬁles from the EPICA 1996
campaign and the remaining and acces-
sible ship magnetic data to compile a
third, larger grid for the western RLS
(Fig. 9.7).
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Figure 9.7. a) Magnetic map of the Astrid Ridge and the western Riiser-Larsen Sea. The two aero-
magnetic data sets of WEGAS2010 and ANT-17/2 are intensely coloured. The grid of the older (mainly
ship) proﬁles is shown in pale colours in the background. Thick black lines are gravity lineaments
/ fracture zones (see ﬁgure 9.8). Thin white lines mark anomalies interpreted as seaﬂoor spread-
ing anomalies. The hatched white lines show magnetic anomalies connected to the AFZ. Turquoise
lines mark lineaments on the northern AR, whose origin is ambiguous. Yellow lines mark anomalies
coinciding with borders of crustal features.
b) Positions of the used magnetic proﬁles
in a). The colours mean: blue: WE-
GAS2010, red: ANT-17/2, black: EPICA
1996, green: older ship proﬁles.
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9.4. Results
The magnetic data from WEGAS2010 are presented in ﬁgure 9.7a. Figure 9.7b
gives an overview over the tracks of all used proﬁles (see ﬁgure caption for details).
The free-air anomaly ﬁeld (Fig. 9.8 clearly shows both parts of the Astrid Ridge,
expressed by a pronounced positive free-air gravity anomaly and intersected by the
SW-NE trending Astrid Fracture Zone. North of the AR, fracture zones / gravity
lineaments bend clockwise towards the Maud Rise (Fig. 9.8) indicating a common
emplacement of that volcanic plateau and the northern AR. In the magnetic data,
several provinces and diﬀerent sets of lineaments can be recognized. The AR is divided
into two distinct units by the AFZ, which is marked by strong magnetic anomalies
(Fig. 9.7a, hatched white lines and according black fracture zone).The southern AR
(Fig. 9.7a, 11–13°E, 67-69 °S) is weakly magnetized, similar to the southwestern RLS.
SW-NE trending lineaments can be found on the southern AR (Fig. 9.7a, thin white
lines). The western edge of the southern AR is clearly marked by strong positive,
NNW-SSE trending anomalies (Fig. 9.7a, 10–11°E, 68–69°S). Parallel to these features,
a positive, but weaker anomaly, accompanied by a negative one, deﬁnes the eastern
border of the AR (Fig. 9.7a, 13–14°E, 68–69°S). That anomaly coincides with a steep
escarpment of ∼4s two-way-traveltime (TWT), which is visible in a depth-to-basement
map compiled from seismic reﬂection data by Leitchenkov et al. [2008]. Farther to the
northeast, NW-SE trending anomalies exist, which seem to be situated in continuation
of the well constrained spreading anomalies between 18°E and 27°E. At 16–18°E, 68–
70°S, an elongated positive anomaly correlates to a basement high that is visible in
seismic reﬂection data [Hinz et al., 2004]. In the gravity ﬁeld, this feature is only
weakly represented, however (Fig. 9.8). In contrast to the southern region, north of
the AFZ, the measurements recorded high-amplitude positive anomalies with internal
WSW-ENE trending lineaments, at 66.5°S even crossing the AFZ (Fig. 9.7a). Thus,
the magnetic ﬁeld has a completely diﬀerent shape north and south of the AFZ.
9.5. Discussion
The crustal conﬁguration and the formation history of both parts of the AR are
not clear so far. After Hinz et al. [2004], the ridge rests upon a large volcanic apron
covering the basement of the southwestern RLS and being terminated to the east by
the basement high at 16-18°E, 68–70°S. To the east of that basement high, the top of
the crystalline crust lies around 2000 m deeper than to the west. The origin of this
basement feature is unknown as well and might be related to a hypothetical fracture
zone terminating it to the north.
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Figure 9.8. Free-air anomaly map of the Antarctic part of the AAC after Sandwell and Smith
[2009] with picked gravity lineaments / fracture zones and spreading anomalies in the magnetic ﬁeld.
Important features are labelled. The colours of the lines are identical with those of ﬁgure 9.7a.
Hinz et al. [2004] interpreted the southern AR as being located at the transition
between a volcanic-prone continental margin of the Lazarev Sea and old oceanic crust
in the RLS. The similarity of the calm magnetic ﬁeld on the southern AR to the ﬁeld of
the oceanic RLS argues for an oceanic nature of the ridge. We suppose the NNW-SSE
trending positive magnetic anomaly on the western border of the southern AR (Fig.
9.7a, 10–11°E, 68–69°S) to be a boundary between diﬀerent crustal units. The SW-
NE trending lineaments on the southern AR suggest an emplacement of the oceanic
crust under a diﬀerent spreading regime than being responsible for the formation of
the RLS, where the spreading anomalies show a NW-SE trend. The strongly diﬀering
appearance of the magnetic anomaly ﬁeld on the two parts of the AR indicates that
the northern AR has a diﬀerent and thus younger formation history than the southern
part. The lineaments on the northern AR can either be the signature of small scale
fracture zones or of spreading anomalies. The anomalies crossing the AFZ might be
the expressions of volcanism inﬂuencing both sides of the yet existing fracture zone.
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9.6. A new kinematic model of the Antarctica/Africa breakup
The magnetic data of AISTEK II (R/V Sonne, 2005) in the Mozambique Basin were
combined with those of ANT17/2 in the RLS to a Gondwana breakup model by König
and Jokat [2010]. Since the work for that publication had been done, new data sets
have revealed several new constraints:
• The continent-ocean-transition is located closer to the coast in the Mozambique
Channel than supposed. Based on additional data, older magnetic spreading
anomalies were identiﬁed north of Bassas da India (Fig. 9.2. Magnetic chron
M41n is probably the oldest one in the Mozambique Channel [Leinweber et al.,
subm.].
• The WEGAS2010 campaign revealed the similarity of the calm magnetic ﬁeld
on the southern AR to that of the western RLS and thus points to oceanic
crust underneath the southern Astrid Ridge. SW-NE trending anomalies are
indications for an emplacement of the southern part of the ridge under a spreading
regime, diﬀering from that one, which was responsible for the formation of the
RLS.
• No magnetic M-series spreading anomalies could be found in the southwestern
Cosmonauts Sea, east of the Gunnerus Ridge [Jokat et al., 2010]. India and
Sri Lanka, thus, remained attached to Antarctica until the Cretaceous Normal
Superchron.
• The potential ﬁeld data of the AISTEK III cruise (R/V Pelagia, 2009) point
to oceanic crust underneath the MZR, the NNV and the MCP [Leinweber and
Jokat , 2011].
• The NNV and the MZR bear sets of magnetic spreading anomalies with dif-
ferent trends, pointing to a poly-phase formation of the ridge [Leinweber and
Jokat , 2011]. In the NNV, the magnetic anomalies trend SW-NE, on the Dana
and Galathea Plateaus (around 30°S), they trend E-W, and NW-SE trending
spreading anomalies are present on the southwestern MZR. The trend of these
(southwestern) anomalies corresponds to that of the spreading anomalies in the
Southern Natal Valley (SNV) indicating a formation of that part of the MZR
between the South American and the African plate. The model of König and
Jokat [2010] postulates a straight southward opening of the Mozambique Basin
with the Grunehogna Craton and the Lazarev Sea part of the Explora Wedge
overriding the region, where the MZR later formed. Their model thus results in
a formation of the whole Mozambique Ridge between ANT and AFR (see ﬁgures
16b-d in that publication). The ﬂowlines published by the authors (Figures 13
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and 14 in König and Jokat [2010]) are crossing the NW-SE trending magnetic
spreading anomalies in the SNV in an oblique angle as consequence of the Grune-
hogna Craton striking along the Maurice-Ewing-Bank. Thus, after that model,
the SNV must have mainly been formed between AFR and ANT as well, which
is in contradiction to the spreading anomalies in the SNV.
• A small-scale extinct spreading centre with a NW-SE spreading direction was
postulated in the northeastern part of the SNV [Leinweber and Jokat , 2011].
These points encouraged us to introduce a revised early breakup model for AFR/ANT
by taking into account the data that had not yet been available to König and Jokat
[2010]. One focus of our new model is to explain the formation of the Mozambique
Ridge without remaining contradictions.
The picks of König and Jokat [2010] were made at the ﬂanks of the anomalies. Due
to the weak anomaly amplitudes in times of the Jurassic Magnetic Quiet Zone, picking
the minima and maxima of the anomalies seemed more precise to us than picking the
younger and older ﬂanks. To be consistent in this, we entirely repicked the anomalies
in the Riiser-Larsen Sea as well as in the Mozambique Channel (Fig. 9.9 and 9.10).
The coordinates of the full set of picks are listed in the tables 9.2 and 9.3. In the
Mozambique Basin, the picks of König and Jokat [2010] are generally conﬁrmed by
ours apart from very small deviations. Additional anomalies were identiﬁed in the
northeast of the AISTEK II data ([Leinweber et al., subm.] and Fig. 9.10 of this
study). In the RLS, our picks correlate to those of König and Jokat [2010] north of
67°S. Farther in the south, we slightly modiﬁed their identiﬁcations believing M25n to
be the oldest anomaly.
Matching the identiﬁed anomalies as well as the fracture zones on both sides of the
AAC served as basis for our rotations, which are listed in table 1. We referred to the
timescale of Gradstein et al. [2004] and replaced the times for rotations of other authors,
if diﬀerent timescales had been used. For the movements between South America and
Africa, we referred to the poles of König and Jokat [2006]. For the movements of India,
Sri Lanka and Madagascar, we took the relative positions with respect to Antarctica
after Reeves and De Wit [2000]. All rotations were calculated using a package of Matlab
algorithms written by Matthias König.
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Figure 9.9. Magnetic anomaly picks in the Riiser-Larsen Sea. The position of the map is shown
in the upper left inlet. The lower right inlet shows the tracks of the used lines. Black: EPICA-1996
(airborne), Red: ANT-17/2 (helicopter), Green: Ship lines. The EPICA-1996 proﬁles were upward
shifted by 70 nT. North of 67°S, our chron identiﬁcations conform to those of König and Jokat [2010].
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Figure 9.10. Magnetic data in the Mozambique Basin/Channel, taken from AISTEK II, MoBaMaSis
and the NGDC database with picked magnetic anomalies. The small inset map in the left bottom
provides information about the used lines. Black lines are from AISTEK II (R/V Sonne, 2005), red
lines are from the MoBaMaSis cruise with R/V Marion Dufresne in 2007 and the green ones are
older ship lines from the NGDC database. Our identiﬁcations conform to those of König and Jokat
[2010] in the main part of the AISTEK II data. To the north and northwest, we succeeded to extend
the identiﬁcations. The white symbols represent anomaly correlations that we found in the data but
couldn’t identify without contradictions.
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Figure 9.11 displays the new model, which we will discuss now in important stages:
Older than 183 Ma, Gondwana Fit (Fig. 9.11a):
There are far-reaching lithological and geochronological correlations between the con-
jugate African and Antarctic margins [Grantham et al., 2008; Marschall et al., 2010].
Following these evidences, we decided to adapt a tight continental ﬁt as starting point
of our model as for example suggested by Cox [1992] or Reeves and De Wit [2000].
Such a ﬁt implies that the Grunehogna Craton in Antarctica and the African Kaapval
Craton formed together a larger craton in Gondwana. The (continental) Gunnerus
Ridge lies at the southeastern borderline of the Mozambique Belt.
Early Jurassic (∼183 Ma) (Fig. 9.11b):
The ages of the Karoo and Ferrar continental ﬂood basalts are strongly related to each
other [Elliot and Fleming , 2000; Encarnación et al., 1996; Riley and Knight , 2001]. The
Karoo continental ﬂood basalts in AFR and the Ferrar basalts in ANT were emplaced
around 183 Ma (Karoo: ∼184–178 Ma [Jourdan et al., 2005]; Ferrar: 183.6 ±1.0 Ma
[Encarnación et al., 1996]). Klausen [2009] detected geological similarities between the
Lebombo monocline and an onshore igneous province along the North Atlantic coast
of East Greenland and concluded that the Lebombo monocline (Fig. 9.2) has been
formed as part of a relatively narrow and successfully rifted volcanic margin rather
than being a failed rift. We regard the inner Explora Wedge (Fig. 9.4, red hatched
area) as the conjugate feature to the Lebombo monocline as suggested by Cox [1992].
That author postulated a poly-phase opening between AFR and ANT: The southward-
directed movement of ANT in relation to AFR was anteceded by an initial phase of
NE-directed movement for times older than ∼170 Ma, producing crust of an unknown
type in the "Mozambique Thinned Zone" (the coastal plains of Mozambique). We
followed the idea of two distinct opening stages, but we had to modify the movement
during stage 1 to an anticlockwise rotation of ANT with respect to AFR. This rotation
is the consequence of (i) the assumption of a tight Gondwana ﬁt and (ii) the position
of ANT and AFR after back-rotating to M33n.
Figure 9.11. Kinematic model of Central Gondwana breakup. Regions marked with a green line
pattern are considered as transitional crust. Spreading centres are marked with yellow lines. Thin
black and white lines represent seaﬂoor spreading anomalies. Thick black and white lines are fracture
zones. Grey blocks are Precambrian and even older crustal units. Diﬀerent grey tones have been
chosen only for distinguishing purpose and have no deeper geological meaning. See also ﬁgures 2 and
4 and the according ﬁgure captions for explanation. The beige areas are continental oﬀshore crust.
Light blue colours mark oceanic crust. Dark blue marks oceanic plateaus. The two SDRS-units of the
Explora Wedge are painted in red and orange. The area oﬀshore West Antarctica in ﬁgures 9.11a-h
is hatched indicating that this area is not covered by our model. The model does not deal with the
development of the Weddell Sea. For this, we refer to König and Jokat [2006].
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Kinematic model of Central Gondwana breakup, a)–c)
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M33n (159.1 Ma) (Fig. 9.11c):
The anticlockwise rotation of ANT led to the formation of the southern AR near the
southwestern limit of the Mozambique Belt (Fig. 9.2) in the area of the today Sambesi
delta as well as to the formation of oceanic crust in the eastern part of the MCP. In
the western parts of the MCP and the NNV, transitional crust was formed (Fig. 9.11c,
hatched area). Holding India, Madagascar and Sri Lanka in ﬁxed positions with respect
to Antarctica, the rotational movement of Antarctica caused a strike-slip movement
between Madagascar and Somalia/Mozambique (Fig. 9.11b and c). M33n has been
identiﬁed as oldest spreading anomaly in the Mozambique Channel by Leinweber et al.
[subm.], whereby they assume the oldest oceanic crust in the Mozambique Channel to
date even back to M41n. This has been implemented in our model, the oceanic spread-
ing starting in the Mozambique Channel during stage 1 of the AFR-ANT breakup.
Because at the conjugate Antarctic margin, the oldest anomaly that has been iden-
tiﬁed up to now, is M25n, we calculated the rotation of ANT with respect to AFR
for M33n using the spreading anomaly of the African side, only. This happened by
rotating M25n at the African side back to the picks of M33n at the same (African) side
of the spreading system and doubling the resulting rotation angle to come to the full
rotation between AFR and ANT. Around M33n, the spreading regime changed and
ANT moved southwards with respect to AFR, afterwards.
M25n (154.2 Ma) – M23n (151.2) (Fig. 9.11d–e):
Since M25n, the movements and positions of the continents are constrained by mag-
netic data from both conjugate margins. ANT continued to move southwards, the
Grunehogna Craton moving along the Mozambique Fracture Zone east of the MZR.
A small continental fragment, formerly occupying a position at the southernmost part
of the AR, rested near the Mozambique continental margin, today forming the Beira
High. To explain the bended fracture zones in the Mozambique Channel, ANT must
have slightly rotated clockwise during its southward movement. In the MCP and in
the NNV, the spreading continued, until the spreading centre ﬁnally was at a position
around the South Mozambique shoreline of today.
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M18n (144.3 Ma) – M16n (141.6 Ma) (Fig. 9.11f–g):
Between M23n and M18n, the formation of oceanic crust in the NNV and the MCP
terminated. Perhaps as consequence of the minor clockwise rotation of ANT on its way
to the south, the spreading centre in the NNV jumped southwards. The Ariel Graben
with its signiﬁcant negative magnetic anomaly [Leinweber and Jokat , 2011] was proba-
bly formed as a consequence of this ridge jump. The Dana- and the Galathea Plateaus
have similar shapes in their topographic and gravity expressions. E-W trending mag-
netic spreading anomalies have been supposed on the plateaus [Leinweber and Jokat ,
2011]. We propose an emplacement of both plateaus as conjugate features on an E-W
trending spreading centre between them.
M12An (138.9 Ma) – M5n (130.3 Ma) (Fig. 9.11h-k):
Between M16n and M12An, the formation of the Dana- and Galathea Plateaus was
accomplished and the spreading centre jumped southward again (Fig. 9.11h). The
Vauban Plateau is the most prominent plateau of the MZR and located at the hinge
between the N-S directed northern and the SW-NE directed southern part of the MZR.
Linear anomalies could be found only at the borders of that plateau and might be re-
lated to edge eﬀects [Leinweber and Jokat , 2011]. The emplacement of the Vauban
Plateau commenced contemporaneously to the spreading in the Southern Natal Val-
ley, when South America began to separate from AFR. Leinweber and Jokat [2011]
found an extinct SW-NE trending spreading centre in the eastern part of the SNV.
This spreading centre has been included in our model, starting its spreading activity
around M12An and forming crust between the Maurice-Ewing-Bank and the Vauban
Plateau (Fig. 9.11h). As consequence of the opening of the SNV, a triple junction de-
veloped between the South American, the African and the Antarctic plates. Excessive
volcanism forming thickened oceanic crust was mainly related to the Antarctica/Africa
branch of that triple junction, later separating into the Agulhas Plateau, the south-
western plateaus of the MZR, the Maud Rise and the northern Astrid Ridge.
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M0r, 124.8 Ma (Fig. 9.11l):
At this age, the emplacement of the Vauban-Plateau was ﬁnished. The Robert-Giraud
and the Rennell Plateaus formed at the southern end of the MZR. At this time, the
southern AR has been in eastern neighbourhood to the Vauban Plateau, and the north-
ern AR did not yet exist. In our model, Sri Lanka and India were attached to Antarctica
till M0r, because M-series anomalies couldn’t be found in the western Cosmonauts Sea.
Further details of the opening between India, Madagascar and Antarctica are not in
the scope of this study, however. Therefore we marked the oceanic crust between these
continents with white question tags in the ﬁgures 9.11l and 9.11m indicating that ro-
tations and propagating rifts could have led to another picture for these times.
CNS, 117 Ma (Fig. 9.11m):
In the Cretaceous Quiet Zone, the formation of the northern AR started when the
southern AR had cleared the MZR. Following the geographical similarities and the
gravity lineaments northwest of the Maud Rise, we suggest an emplacement of the
northern AR together with the Maud Rise. Although the lowermost sediments drilled
at the Maud Rise are of Maastrichtian age (Barker et al., 1990), the age of the crys-
talline crust itself has not been dated, remaining in fact unconstrained so far.
The ﬁgures 9.12 to 9.16 provide additional information about our model. In ﬁgure
9.12, the positions of the Euler rotation poles are shown together with those of Eagles
and König [2008] as well as of König and Jokat [2010]. Figure 9.13 compares the
positions of ANT after our model with the according positions after the model of König
and Jokat [2010] for three representative times. Hypothetical ﬂowlines for arbitrarily
chosen anchor points are drawn in the ﬁgures 9.14–9.16. Figure 9.14 shows the full set
of ﬂowlines in comparison with the ﬂowlines after Eagles and König [2008]. Figure 9.15
and 9.16 show the both conjugate margins in detail with the ﬂowlines after this study
in comparison to those of Eagles and König [2008] and of König and Jokat [2010].
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Our model generally diﬀers from the previously published one of König and Jokat
[2010] in some important points:
• First, our model starts earlier and adapts a tighter continental ﬁt. In their model,
the Grunehogna Craton doesn’t overlap with the MCP, in our model, the southern
parts of the plains are covered by that craton.
• The model of König and Jokat [2010] shows a straight southward movement of
ANT with respect to AFR. The oldest identiﬁed anomalies in the Mozambique
Channel are roughly parallel to the coast, however. Thus, the trend of the anoma-
lies in the Mozambique Channel changes from W-E to SW-NE towards the coast
of Mozambique. This results in Jurassic positions of ANT, slightly rotated in
comparison to the model of König and Jokat [2010], as is shown in ﬁgure 9.13.
• Our model includes two stages of breakup, during the ﬁrst of which ANT rotated
anticlockwise to reach its position at M33n. That rotation moved the Grunehogna
Craton from its Gondwana ﬁt position to the east of the Mozambique Fracture
Zone, clearing the MCP.
• In the model of König and Jokat [2010], the Grunehogna Craton moved south-
wards west of the Mozambique Fracture Zone, covering the region of the later
MZR. In their model, the NNV and parts of the SNV were formed between the
Grunehogna Craton and the MCP. In our model, the Grunehogna Craton moved
southwards east of the Mozambique Fracture Zone during the second stage of the
breakup of Gondwana. The NNV was formed between the eastern part of the
Explora Wedge and the Mateke-Sabi monocline, which is all visualised by the
hypothetical ﬂowlines of this study (ﬁgures 9.14 – 9.16).
Figure 9.12. Position of Eu-
ler rotation poles of this study
compared to those of Eagles and
König [2008] and of König and
Jokat [2010] for comparison. The
naming of the symbols is identi-
cal with those in ﬁgure 9.10.
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Figure 9.13.
Comparison between
the model of König and
Jokat [2010] (transparent
coast lines) and the model
of this study for three
representative ages.
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Figure 9.14. Hypothetical model-ﬂowlines derived from our kinematic model for arbitrarily chosen
anchor points. Red lines are the paths of arbitrarily chosen anchor points. Small black dots represent
the rotated positions. Thin grey lines are the ﬂowlines after Eagles and König [2008] for comparison.
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Figure 9.15. Hypothetical model-
ﬂowlines derived from our kine-
matic model on the African side
of the AAC and the Somali Basin.
Yellow lines are ﬂowlines after our
new model; small black dots rep-
resent the rotated positions. Thin
white lines are ﬂowlines after Eagles
and König [2008] and thin black
lines are ﬂowlines after König and
Jokat [2010] for comparison. The
free-air gravity ﬁeld after Sandwell
and Smith [2009] is drawn in the
background.
Figure 9.16. Hypothetical model-
ﬂowlines derived from our kine-
matic model on the Antarctic side
of the AAC. Yellow lines are ﬂow-
lines from our new model; small
black dots represent the rotated po-
sitions. Thin white lines are ﬂow-
lines after Eagles and König [2008]
and thin black lines are ﬂowlines af-
ter König and Jokat [2010] for com-
parison. The free-air gravity ﬁeld
after Sandwell and Smith [2009] is
drawn in the background.
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Euler Rotation Pole
Chron Near
time
Far
time
Lon. Lat. Angle Source
Antarctica w. r. t. Africa
CNS 0.00 102.00 325.70 -0.90 26.69 Eagles and König [2008]
M0r 0.00 124.81 336.00 -12.80 43.80 This study
M5n 0.00 130.28 336.50 -14.00 46.58 This study
M9n 0.00 132.99 336.75 -14.30 48.06 This study
M10n 0.00 133.69 337.00 -14.75 48.68 This study
M11n 0.00 136.07 337.00 -14.72 49.77 This study
M12An 0.00 138.91 337.00 -14.85 51.10 This study
M16n 0.00 141.56 337.60 -15.46 52.78 This study
M17n 0.00 142.70 337.95 -15.85 53.64 This study
M17r 0.00 143.44 338.25 -16.20 54.28 This study
M18n 0.00 144.31 338.25 -16.25 54.69 This study
M18r 0.00 144.73 338.25 -16.30 54.90 This study
M19n.2n 0.00 145.51 338.25 -16.35 55.27 This study
M19r 0.00 146.06 338.25 -16.40 55.57 This study
M21n 0.00 148.16 338.25 -16.45 56.46 This study
M21r 0.00 148.73 338.25 -16.50 56.72 This study
M22n.1n 0.00 149.49 338.25 -16.55 57.22 This study
M22r 0.00 150.47 338.25 -16.57 57.81 This study
M23n 0.00 151.18 338.25 -16.59 58.10 This study
M23.2r 0.00 151.95 338.25 -16.64 58.23 This study
M24n 0.00 152.38 338.25 -16.70 58.42 This study
M25n 0.00 154.23 338.25 -16.85 59.20 This study
M26r 0.00 155.63 338.25 -16.85 59.50 This study
M28n 0.00 156.15 338.55 -17.05 60.06 This study
M29r 0.00 157.62 338.74 -17.34 60.89 This study
M33n 0.00 159.08 338.93 -17.83 61.59 This study
FIT 0.00 186.00 326.00 -7.80 57.00 This study
Beira High w. r. t. Africa
M33n 0.00 159.08 0.00 90.00 0.00 Fixed to Africa
Table 9.1. Euler Rotation Poles used for the kinematic model presented in this article. The times of
poles that are marked with an asterisk (*) have been changed to the according times after Gradstein
et al. [2004]. The abbreviation "w. r. t." means "with respect to".
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Euler Rotation Pole
Chron Near
time
Far
time
Lon. Lat. Angle Source
Madagascar w. r. t. Africa
CNS 0.00 89.00 0.00 0.00 0.00 Fixed to Africa
M5n 0.00 130.28 238.91 16.25 15.02 This study
M9n 0.00 132.99 244.20 14.10 14.50 This study
M10n 0.00 133.69 246.20 12.60 14.07 This study
M11n 0.00 136.07 250.46 11.03 14.06 This study
M12An 0.00 138.91 255.41 8.60 14.06 This study
M16n 0.00 141.56 261.99 5.14 13.61 This study
M17n 0.00 142.70 265.47 3.06 13.39 This study
M17r 0.00 143.44 268.14 1.33 13.20 This study
M18n 0.00 144.31 269.63 0.48 13.32 This study
M18r 0.00 144.73 270.37 -0.04 13.37 This study
M19n.2n 0.00 145.51 271.68 -0.80 13.48 This study
M19r 0.00 146.06 272.72 -1.45 13.57 This study
M21n 0.00 148.16 275.77 -2.98 13.94 This study
M21r 0.00 148.73 276.61 -3.54 14.03 This study
M22n.1n 0.00 149.49 278.22 -4.42 14.25 This study
M22r 0.00 150.47 280.07 -5.30 14.55 This study
M23n 0.00 151.18 280.95 -5.75 14.69 This study
M23.2r 0.00 151.95 281.33 -6.08 14.74 This study
M24n 0.00 152.38 281.89 -6.53 14.82 This study
M25n 0.00 154.23 284.12 -7.99 15.21 This study
M26r 0.00 155.63 284.96 -8.33 15.39 This study
M28n 0.00 156.15 287.22 -9.32 15.47 This study
M29r 0.00 157.62 289.90 -10.98 15.78 This study
M33n 0.00 159.08 292.21 -13.12 15.96 This study
FIT 0.00 186.00 261.43 3.97 26.89 This study
South America w. r. t. Africa
CNS 0.00 93.00 325.91 58.96 40.02 Livermore, Hunter [1996]
M0r 0.00 124.81 325.26 51.78 52.51 Martin et al. [1982] *
M2y 0.00 127.61 326.00 50.07 53.66 König and Jokat [2006] *
M4y 0.00 129.76 326.36 48.99 54.37 Martin et al. [1982] *
M10 0.00 133.69 327.21 50.12 55.20 König and Jokat [2006] *
FIT 133.69 186.00 0.00 90.00 0.00
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Euler Rotation Pole
Chron Near
time
Far
time
Lon. Lat. Angle Source
Parana w. r. t. South America
M4n 0.00 129.76 0.00 90.00 0.00 König and Jokat [2006] *
M10n 0.00 133.69 288.54 -10.22 1.70 König and Jokat [2006] *
M11n 0.00 136.07 288.54 -10.22 1.96 König and Jokat [2006] *
M12n 0.00 137.71 289.69 -6.82 2.19 König and Jokat [2006] *
M15n 0.00 140.51 291.07 -2.69 2.58 König and Jokat [2006] *
M17n 0.00 142.70 291.01 -8.20 3.00 König and Jokat [2006] *
FIT 142.70 186.00 0.00 90.00 0.00
Salado w. r. t. Parana
M4n 0.00 129.76 0.00 90.00 0.00 König and Jokat [2006] *
M10n 0.00 133.69 321.51 20.92 0.30 König and Jokat [2006] *
M11n 0.00 136.07 321.51 20.92 1.00 König and Jokat [2006] *
M12n 0.00 137.71 315.41 19.64 1.10 König and Jokat [2006] *
M15n 0.00 140.51 310.52 33.77 1.40 König and Jokat [2006] *
M17n 0.00 142.70 301.02 5.02 1.92 König and Jokat [2006] *
M20n 0.00 146.66 301.02 5.02 1.92 König and Jokat [2006] *
0.00 167.20 294.79 -16.22 4.17 König and Jokat [2006] *
FIT 167.20 186.00 0.00 90.00 0.00
Colorado w. r. t. Salado
M11n 0.00 136.07 0.00 90.00 0.00 König and Jokat [2006] *
M12n 0.00 137.71 310.15 -10.12 0.83 König and Jokat [2006] *
M15n 0.00 140.51 62.85 74.48 1.77 König and Jokat [2006] *
M17n 0.00 142.70 307.36 16.97 1.45 König and Jokat [2006] *
M20n 0.00 146.66 307.36 16.97 1.45 König and Jokat [2006] *
0.00 167.20 294.89 -20.26 3.98 König and Jokat [2006] *
FIT 167.20 186.00 0.00 90.00 0.00
Patagonia w. r. t. Colorado
M15n 0.00 140.51 0.00 90.00 0.00 König and Jokat [2006] *
M17n 0.00 142.70 87.37 50.62 2.89 König and Jokat [2006] *
M20n 0.00 146.66 34.01 56.87 2.85 König and Jokat [2006] *
0.00 167.20 347.96 25.16 3.08 König and Jokat [2006] *
FIT 167.20 186.00 0.00 90.00 0.00
Falkland Plateau (complete) w. r. t. Patagonia
M4n 0.00 129.76 0.00 90.00 0.00 König and Jokat [2006] *
M10n 0.00 133.69 153.20 -4.29 0.71 König and Jokat [2006] *
M11n 0.00 136.07 147.21 11.63 1.09 König and Jokat [2006] *
0.00 137.71 133.31 8.76 1.39 König and Jokat [2006] *
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Euler Rotation Pole
Chron Near
time
Far
time
Lon. Lat. Angle Source
Maurice Ewing Bank w. r. t. Falkland Plateau (complete)
M12n 0.00 137.71 0.00 90.00 0.00 This study
Falkland Islands w. r. t. Patagonia
M4n 0.00 129.76 0.00 90.00 0.00 Fixed to Patagonia
M10n 0.00 133.69 330.00 39.20 -1.00 König and Jokat [2006] *
0.00 167.20 315.00 39.20 -2.00 König and Jokat [2006] *
FIT 167.20 186.00 0.00 90.00 0.00
Falkland Plateau (western part) w. r. t. Patagonia
FIT 137.71 186.00 0.00 90.00 0.00 König and Jokat [2006] *
Falkland Plateau (eastern part) w. r. t. Africa
M12n 0.00 137.71 326.32 47.95 56.77 König and Jokat [2006] *
FIT 137.71 186.00 0.00 90.00 0.00 König and Jokat [2006] *
Maurice Ewing Bank w. r. t. Falkland Plateau (eastern part)
FIT 137.71 186.00 0.00 90.00 0.00 This study
India w. r. t. Antarctica
CNS 0.00 108.00 189.45 -2.22 82.26 Derived from Reeves and
De Wit [2000]
M0r 0.00 124.81 198.77 6.18 95.01 This study
FIT 124.81 186.00 0.00 90.00 0.00 Fixed to Antarctica
Sri Lanka w. r. t. India
CNS 0.00 100.00 0.00 90.00 0.00 Fixed to India
CNS 100.00 114.00 86.4 9.8 86.40 Reeves and De Wit [2000]
CNS 114.00 120.00 75.12 34.44 75.12 Reeves and De Wit [2000]
FIT 120.00 186.00 0.00 90.00 0.00 Fixed to India
Agulhas Plateau w. r. t. Africa
CNS 0.00 107.00 0.00 0.00 0.00 Fixed to Africa
CNS 0.00 117.00 335.01 31.96 5.47 This study
Maud Rise w. r. t. Antarctica
CNS 0.00 96.00 0.00 90.00 0.00 Fixed to Antarctica
CNS 96.00 117.00 6.59 -73.74 -20 This study
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9.7. Summary and Conclusions
New magnetic data from the Astrid Ridge give evidence of a diﬀerent formation his-
tory of the northern and the southern parts of the Astrid Ridge. South of the Astrid
Fracture Zone, the crust of the Astrid Ridge is weakly magnetized. The calm magnetic
ﬁeld resembles that of the southwestern Riiser-Larsen Sea. Weak lineaments in WSW-
ENE direction are visible. We interpret both parts of the Astrid Ridge to consist of
oceanic crust, formed at diﬀerent ages. Taking the results of new magnetic measure-
ments on the Mozambique Ridge, in the Mozambique Channel and in the Natal Valley
into account, we introduce a new kinematic model for the Jurassic movements between
Africa and Antarctica. Antarctica rotated anticlockwise with respect to Africa between
183 and 159 Ma during a ﬁrst breakup stage. The southern Astrid Ridge was prob-
ably emplaced in these times in the area of the today Sambesi delta. The spreading
direction forming the Astrid Ridge had thus a high angle to that of the later form-
ing Riiser-Larsen Sea. The crust underlying the Mozambique Coastal Plains and the
Northern Natal Valley was formed from breakup stage 1 on until ∼M22n at a SW-NE
trending spreading centre, which was ﬁnally located around the present-day shoreline
of southern Mozambique. The Dana and Galathea Plateaus were formed at a common
spreading centre anytime between M22n and M12An. In the Riiser-Larsen Sea, which
was formed as a conjugate basin to the northern Mozambique Basin, spreading started
yet before M25n, although this anomaly is the oldest one that could be identiﬁed so far.
The southwestern Mozambique Ridge was emplaced on a triple junction, which formed
the Agulhas Plateau, the Robert-Giraud Plateau, the Rennell Plateau, the northern
Astrid Ridge and the Maud Rise together as conjugate features later separating into
their diﬀerent parts. This process started around M5n continuing during the Creta-
ceous Normal Superchron. Thus, the Astrid Fracture Zone marks a boundary between
oceanic crustal units with an age diﬀerence of ∼50 Ma. Based on the new magnetic
data sets, problems with overlapping of investigated areas could be discarded. The new
kinematic model is in excellent agreement to geological investigations/interpretations
in Antarctica and Africa.
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9.9. Appendix
Table 9.2. Magnetic anomaly picks in the Mozambique Channel / Basin
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Table 9.3. Magnetic anomaly picks in the Riiser-Larsen Sea
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Chapter 10.
Conclusions and Outlook
This chapter summarizes the results of the work that has been done within the
framework of this study and gives an outlook to scientiﬁc undertakings that have the
potential to further extend the ﬁndings and interpretations of this study.
Central Mozambique Continental Margin
Two parallel seismic refraction proﬁles across the Central Mozambique rifted margin
have been acquired in 2007 together with seismic reﬂection and potential ﬁeld data in
the Mozambique Channel. The proﬁles provide the ﬁrst modern wide-angle data across
that margin. P-wave velocity modelling reveals onshore up to 40 km thick continental
crust, thinning southwards to 20 km over a distance of around 130 km. Around 70 km
south of the shoreline, the crustal thickness amounts to 7–8 km in both proﬁles. The
crustal velocities are in the range of oceanic crust. Weak Seaward Dipping Reﬂector
Sequences are visible in the seismic reﬂection data coinciding with a strong negative
magnetic anomaly near the coast. This anomaly results probably from a negative
remanent magnetization of volcanic rocks formed by massive volcanism that was also
forming the observed Seaward Dipping Reﬂector Sequences. The magnetic edge-eﬀect
probably adds to the amplitude of the anomaly. A lower crustal high-velocity-body
with P-wave-velocities up to 7.5 km/s and a volume of 135.000 km3 between both
proﬁles was found. Its existence can be explained by a combination of active upper
mantle convection and increased mantle potential temperatures during and after the
breakup. Above the oceanic basement, sediments with high P-wave velocities of up
to 5.0 km/s and densities around 2.6 g/cm3 have been found. They are interpreted
as being of Jurassic age. Their lithography is unclear so far. High compaction due to
the thick sedimentary load and the age of the sediments might be the reason for the
high sedimentary velocities that result in a small impedance contrast to the underlying
upper crustal layer. From the strong negative anomaly near the coast to the south
the magnetic ﬁeld increases slowly and linearly over a distance of around 130-155
km. An identiﬁcation of spreading anomalies is impossible here, probably due to very
low amplitudes in the Jurassic Quiet Zone. The oldest anomaly that can be reliably
identiﬁed in the data is thus M33n (159 Ma) at the southern end of this zone. Following
the results of the P-wave models, the crust between the negative magnetic anomaly and
M33n is interpreted as oceanic. This interpretation makes the existence of even older
spreading anomalies than M33n plausible. Extrapolating the spreading velocities to the
coast we postulate M41n (166 Ma) near the pronounced negative anomaly as oldest
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anomaly in the Mozambique Channel. Our results imply that the continent-ocean-
boundary in the Mozambique Channel is located signiﬁcantly cloaser to the coast than
supposed up to now. The oldest oceanic crust in the Mozambique Channel is has an
age of around 166 million years.
Mozambique Ridge, Northern and Southern Natal Valley
New potential ﬁeld data across the Mozambique Ridge and the Natal Valley reveal
a pattern of linear magnetic anomalies, NW-SE trending in the south-western part
of the Mozambique Ridge, E-W trending on its central part and SW-NE trending
in the Northern Natal Valley. These lineaments are interpreted as being caused by
seaﬂoor spreading in the Jurassic Quiet Zone. The Mozambique Ridge is regarded as
structure mainly consisting of thickened oceanic crust. In the Northern Natal Valley,
no indications for a continent-ocean-boundary between continental crust in the north
and oceanic crust in the south can be found, neither in the free-air gravity nor in the
magnetic ﬁeld. A comparison of the magnetic and gravity anomaly patterns reveals
strong similarities between the Mozambique Coastal Plains, the Northern Natal Valley
and the Mozambique Ridge. Particularly in the gravity data, one continuous geological
province appears to extend from the southern tip of the Mozambique Ridge up to the
northeastern Mozambique Coastal Plains near the Mateke-Sabi monocline. The whole
region is regarded as being mainly ﬂoored by thickened oceanic crust. The Ariel Graben
is marked by a pronounced negative anomaly in the magnetic and the gravity ﬁeld and
was probably formed as consequence of a jump of the spreading center from a position
in the Northern Natal Valley to the south. Afterwards this spreading center formed
the Dana and Galathea Plateaus as conjugate features. The southwestern part of the
Mozambique Ridge was formed as part of the African Plate when seaﬂoor spreading
in the Southern Natal Valley had started. A small extinct ridge has been identiﬁed by
correlating older ship magnetic data in the eastern part of the Southern Natal Valley.
This has probably been active in the early times of spreading in the Southern Natal
Valley.
Astrid Rige and western Riiser-Larsen Sea
Across the Astrid Ridge and in the southwestern Riiser-Larsen Sea, systematic aero-
magnetic measurements were made in 2009/2010. The data on the Astrid Ridge re-
vealed very diﬀerent magnetic signatures on its southern and northern parts, pointing
to a diﬀerent formation history. Across the southern Astrid Ridge, the magnetic ﬁeld is
calm and similar to that of the western Riiser-Larsen Sea. Weak WSW-ENE trending
anomalies are visible. The southern Astrid Ridge is interpreted to consist of oceanic
crust and to have formed prior to the Riiser-Larsen Sea and with diﬀerent spreading di-
rection during the earliest time of Gondwana breakup. The northern part of the Astrid
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Ridge is separated from the southern part by the Astrid Fracture Zone. It bears high
amplitude positive magnetic anomalies pointing to a diﬀerent and younger formation
history than that of the southern Astrid Ridge.
Southwestern Enderby Basin
In the southwestern Enderby Basin/Cosmonauts Sea, east of the Gunnerus Ridge,
systematic aeromagnetic measurements were made in 2006. The continent-ocean-
transition is well marked by positive and negative anomalies. North of it, no spreading
anomalies can be found in the data up to 64°S. A separation of India and Sri Lanka
from Antarctica before the Cretaceous Normal Superchron would probably have led
to the emplcaement of magnetic spreading anomalies of the remarkable younger part
of the M-series. The absence of such spreading anomalies points to a formation of
the crust east of the Gunnerus Ridge during the Cretaceous Normal Superchron. This
means that Sri Lanka and India must have remained attached to Antarctica up to this
time.
Reﬁned Central Gondwana breakup model
The extended magnetic anomaly identiﬁcations in the Mozambique Channel have
been used together with identiﬁcations from the conjugate Riiser-Larsen Sea and the
results mentioned above as constraining conditions for a reﬁned breakup model between
Africa and Antarctica, thus East- and West Gondwana. Oceanic crust underneath the
Mozambique Coastal Plains gives room for a tight ﬁt between Africa and Antarctica
with the Grunehogna Craton neatly attached to the Kaapval Craton and covering the
southern part of plains. Such a ﬁt has been adapted as starting point for the new
kinematic model. The model postulates two breakup stages, the ﬁrst lasting from the
emplacement of the Karoo and Ferrar continental ﬂood basalts (beginning at ∼183
Ma) and the time around 159 Ma (M33n). The anomaly identiﬁcations and gravity
lineaments and fracture zones give evidence for Antarctica occupying an Upper to
Middle Jurassic position with the Grunehogna Craton to the east of the Mozambique
Fracture Zone. To take this position, Antarctica must have rotated anticlockwise from
its Gondwana ﬁt position during stage 1. The southern Astrid Ridge was emplaced at
the southwestern border of the Mozambique Belt in this times, being formed in another
direction than Riiser-Larsen Sea later on.
As consequence of the rotation of Antarctica, a right-lateral strike-slip movement
took place between Madagascar and Africa during stage 1 of the Africa-Antarctica
breakup. Around 159 Ma, the movement of Antarctica changed, and the continent
went south, combined with a slow clockwise rotation. In the following, oceanic crust
was formed in the northern Mozambique Channel. In the Riiser-Larsen Sea spreading
started yet before M25n, although this anomaly is the oldest one, which could be
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identiﬁed so far. The Mozambique Coastal Plains and the Northern Natal Valley were
emplaced from breakup stage 1 on to ∼M22n at a SW-NE trending spreading centre,
which was ﬁnally located around the today shoreline of southern Mozambique. After a
southward jump of the spreading centre, the Dana and Galathea plateaus were formed
as conjugate features around M22n - M12An. The southwestern Mozambique Ridge
was emplaced by massive volcanism on a triple junction, together with the Agulhas,
the Robert-Giraud and the Rennell Plateaus as well as the northern Astrid Ridge and
the Maud Rise. This process started around M5n continuing during the Cretaceous
Normal Superchron. The conjugate features separated later on. The Astrid Fracture
Zone marks thus a boundary between oceanic crustal units with an age diﬀerence of
∼50 Ma. Our model is in agreement to the geological and geophysical knowledge of
the regions and free of contradictions due to overlaps of continental crustal units.
Outlook
In Antarctica, the continuation of systematic on- and oﬀshore potential ﬁeld mea-
surements will reveal unknown structures and lineaments and will give evidence of the
course of the continent-ocean-transition as well as the existence of spreading anomalies
near the continental margins. The magnetic measurements in the Riiser-Larsen Sea
should be extended farther to the east. A more extensive data set should reveal more
details about the existent fracture zones and it might be possible to extend the anomaly
identiﬁcations closer to the coast, as it was yet possible in the Mozambique Channel.
As the Astrid Ridge is concerned, a veriﬁcation of the postulated age diﬀerence be-
tween the northern and the southern part of the ridge would perhaps be possible by
stratigraphic studies. The acquisition of wide-angle seismic data would be interesting
to investigate the crustal layers underneath the ridge.
On the conjugate African side, wide-angle seismic data are missing in the Northern
Natal Valley and across the Mozambique Coastal Plains, including the Lebombo and
the Mateke-Sabi monoclines. A localisation of the continent-ocean-boundary by seismic
data is crucial to verify the presented kinematic model. The Beira High is classiﬁed as
continental fragment only from gravity data so far. There, a seismic refraction proﬁle
from the Sambesi Delta crossing the Beira High could provide important answers. The
anomaly identiﬁcations near the Central Mozambique Continental margin rest on few
proﬁles up to now. A denser potential ﬁeld data set could verify these identiﬁcations
and reveal more details about the fracture zones in the area. In the Somali Basin,
diﬀerent interpretations of the spreading anomalies exist. An extensive and systematic
magnetic data set is up to now missing there to verify the validity of the identiﬁcations.
Finally, the Southern Natal Valley is still not suﬃciently covered by systematic mag-
netic measurements. The transition between the Mozambique Ridge and the Southern
Natal Valley should be investigated in a more profound way. Systematic sampling of
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seaﬂoor rocks by dredging could provide important answers. All these scientiﬁc under-
takings concern only the African and Antarctic conjugate continental margins. Much
more has to be done including other continental margins.
Although researchers thought about Gondwana-Land yet before 140 years, a huge
number of questions is still awaiting answers. Much work remains to do to lift the fog
that is hiding the history of the land of the legends.
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Appendix A.
MoBaMaSis wide-angle seismic data, proﬁle 20070201
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MoBaMaSis wide-angle seismic data, proﬁle 20070202
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